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Abstract 
Thermoplastic starch (TPS) materials have great potential to replace some conventional synthetic 
plastics, and have the advantage of being economical, biodegradable, renewable, and can usually be 
processed using conventional plastic processing equipment. An important requirement is that TPS 
materials should have acceptable mechanical and biodegradability properties as a given functional 
material. The structure of TPS materials, at the molecular, crystalline and granular levels, may be 
altered during processing, which in turn affect their mechanical properties and biodegradability. 
This dissertation encompasses a detailed understanding of starch structural changes resulting from 
an archetypal processing procedure, and also examines its effects on mechanical properties and 
biodegradability.  
The effects of the thermal and mechanical energies of extrusion on the starch degradation at 
multiple structural levels were quantitatively investigated. Waxy (WMS), normal (NMS), and 
high-amylose maize starch (HAMS) with different amylose contents of 0, 34 and 63%, were 
extruded with varying temperatures, screw speeds, and plasticizer contents. The size distributions of 
individual branches did not show any significant change after extrusion. The whole amylopectin 
molecules were degraded into smaller sizes during extrusion while whole amylose molecules were 
not significantly affected. The crystalline and granular structures were disrupted during extrusion, 
without changing the crystalline polymorph displayed, suggesting that the crystalline structure 
remaining mainly originated from ungelatinized starch, which was confirmed by polarized light 
microscope images. Starch structural degradation was more severe at lower plasticizer content due 
to the greater amount of mechanical energy input at the same screw speed. Higher processing 
temperature (thermal energy) did not have any significant effect on the crystalline structure. The 
effects of mechanical and thermal energies on starch structural degradation were analyzed 
separately using Pearson correlation tests to compare the effect of the different parameters, showing 
that mechanical energy caused more significant degradation on starch structure than thermal energy. 
The starch extrudates obtained previously were compression-molded and the crystalline structure 
of NMS films was further altered using a hydrothermal treatment (HTT). The mechanical properties 
of starch films with various molecular and crystalline structures were investigated. For WMS, 
II 
 
which contains only amylopectin, the degradation at the molecular level did not affect the 
mechanical properties significantly. HAMS films, with a higher amylose content and longer 
branches, showed higher elongation at break, and tensile strength than WMS and NMS films. The 
effects of amylose content on the mechanical properties were not significant when the plasticizer 
content was low, probably because the starch chains were restrained in a more rigid network. As 
distinct from previous studies reporting that an increase in crystallinity enhanced some mechanical 
properties, the present study found that the crystallinity of different films prior HTT was not 
significantly correlated with their mechanical properties, which might be due to these crystalline 
structure from the remaining ungelatinized starch granules unable to form a continuous network. On 
the other hand, the alteration of TPS crystalline structure by HTT increased the tensile strength and 
Young’s modulus, while decreased the elongation at break. The results indicate that the crystallinity 
from the remaining ungelatinized starch granules has less significant effects on the mechanical 
properties of TPS than the crystalline structure formed from starch retrogradation, probably due to 
the leached-out amylose forming a stronger network surrounding the remaining starch granules.  
The effects of starch structures on the biodegradability of TPS films were investigated by 
hydrolyzing starch films using fungal α-amylase. The substrates comprised varied starch structures 
obtained by different degrees of acid hydrolysis, different granular sizes using size fractionation, 
and different degrees of crystallinity by aging for different times (up to 14 days). Two stages are 
identified for unretrograded films by fitting degradation data using first-order kinetics. Starch films 
containing larger molecules were degraded faster, but the rate coefficient was independent of the 
granule size. Retrograded films were degraded much slower than unretrograded ones, with a similar 
rate coefficient to that in the second stage of unretrograded films. Although initially the smaller 
molecules or the easily accessible starch chains on the amorphous film surface were degraded faster, 
the more ordered structure (resistant starch) formed from retrogradation, either before or during 
enzymatic degradation, strongly inhibits film biodegradation.  
Starch structural changes induced by processing at different levels can be inter-related with one 
another; for example, amylopectin molecules present in the rigid semi-crystalline conformation in 
native starch granules undergo severe shear scission by mechanical energy during extrusion, 
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decreasing the degree of crystallinity and destroying the granular structure. Crystalline structure 
from the continuous network in TPS materials is dominant in improving the mechanical properties 
and decreasing the degradation rate of TPS. Although the molecular size does not influence the 
mechanical properties, it has a great impact on the biodegradability of starch films.  
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Chapter 1. Introduction 
1.1  Development of starch-based biodegradable materials  
Plastics are highly used in modern life due to their advantages of being light in weight, water 
and chemical resistant, durable, easy to colour and are resistant to most natural degradation 
processes due to their chemical structure. However, most plastics are made of non-renewable 
petrochemicals. This lack of degradability causes many environmental problems, for example, 
endangering wildlife such as birds and marine animals, due to the accumulation of plastic waste. 
Thus, replacing the non-biodegradable plastics with biodegradable ones will improve the 
sustainability and to reduce plastic pollution.  
Among those currently commercialized biodegradable polymers, starch is a promising 
candidate with the significant advantages of being economical, abundant and renewable while being 
processable using conventional plastic processing equipment (Li et al., 2011; Liu, Xie, Yu, Chen & 
Li, 2009; Müller, Laurindo & Yamashita, 2012; Salgado, Coutinho, Reis & Davies, 2007). 
Starch-based materials have been used for food packaging and agricultural mulching films, etc. 
Additionally, the excellent biocompatibility of starch-based materials allows them to be used in the 
biomedical field, such as for scaffolds (Gomes, Ribeiro, Malafaya, Reis & Cunha, 2001) and 
bone-replacement implants (Araujo, Cunha & Mota, 2004).  
Despite some successful products in the market, such as Mater-Bi® or Plantic eco Plastic®, the 
applications of starch-based materials are limited by the inferiority of their mechanical properties, 
moisture resistance, and temporal stability when compared to the non-biodegradable alternatives. 
Attempts have been made to improve those properties of extruded starch including chemical 
modification, changes in starch morphology, addition of plasticizers, and blending with other 
polymers (Swanson, Shogren, Fanta & Imam, 1993), but the improvements have been only 
marginal. The mechanical properties can be considered as the most important functional property 
for certain uses; for example, when it is used as scaffolds, it has to provide the suitable stress 
environment until the newly grown tissue takes over the synthetic support, and it must be designed 
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to cope with degradation. Thus the rate of degradation is similarly important, as which are 
non-functional as barriers or structural components if they degrade too rapidly and suffer a 
reduction in their necessary mechanical properties. 
To process starch into plastic materials, it undergoes significant structural changes, which will 
in turn influence the functional properties. In this case, an in-depth understanding of the 
processing-structure-functional properties relationship using the state-of-art characterization 
techniques will benefit the production of starch-based materials with improved performances.  
1.2  Thesis Aim  
Although correlations among processing, molecular degradation and mechanical properties 
have been conveyed from previous studies, there are gaps in relate to starch chemistry and 
engineering it into plastic, and its variability of source and structure (before and after processing) 
will bring variations in the functionalities, such as: 
 To what extent thermal or mechanical energy drive and control starch structural change 
during processing is still unclear. 
 The effect of various structural parameters (particularly those describing molecular, 
crystalline or granular structure) on the tensile mechanical properties remains to be resolved. 
 The roles of structural parameters (molecular, crystalline or granular structure) on the 
biodegradation of starch-based materials have not been fully understood.  
These issues (which are explained in detail in the literature review) are crucial to obtain a 
comprehensive understanding on the starch processing-structure-functionality relationship in 
thermoplastic starch products. Thus, the main objective of this study is to develop a more in-depth 
understanding on the relationships among starch processing, structure and functional properties, 
including mechanical properties and biodegradability of starch-based materials.  
To achieve this goal the following steps were taken: 1) A processing-structure relationship was 
established by analyzing the starch structural changes through different processing conditions. 2) 
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The mechanical properties of different starch films were correlated with the variations in the 
molecular and crystalline structures of starch to understand which structural feature is dominant for 
the mechanical properties. 3) Pre-treatments on native normal maize starch granules was performed 
to obtain starches with different molecular and granular sizes and films were retrograded to obtain 
different degrees of crystallinity, substrates with different structures are used to test the role of each 
starch structural parameter on the biodegradation of starch-based materials. 4) A mechanistic 
explanation will be provided during explaining those relationships (starch structure, processing, and 
functionality) and a comprehensive understanding on those relationships can best be applied to the 
production of new starch-based materials. 
1.3  Thesis outline 
This dissertation is structured in six chapters. The first is the background and objective of this 
study (Chapter 1). A comprehensive literature review of the current research on the 
processing-structure-property relationship of thermoplastic starch (TPS) materials is given in 
Chapter 2. This includes processing-induced structural changes, the role of altered starch structures 
on the mechanical properties, and biodegradation studies on the starch-based materials.  
Chapter 3 investigates the shear degradation of molecular, crystalline and granular structure of 
starch during extrusion at varied temperature, screw speed, and plasticizer content. Three starches 
with different amylose contents (0- 63 %) were extruded, and the starch structural changes were 
characterized by using state-of-art techniques. The mechanism of starch degradation during 
extrusion is explored by correlating the processing parameters with the changes at multiple starch 
structural levels. This work helps in understanding the main structural changes under the 
experimental conditions tested and provides a good data base to study the TPS properties. 
Using the starch extrudates obtained in Chapter 3, the mechanical properties of starch films 
with various molecular and crystalline structures are investigated systematically in Chapter 4 in 
order to explore whether the dominant structural feature controlling mechanical properties of starch 
film is molecular or crystalline. Conditioning (relative humidity and time) on the film water 
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absorption and crystallinity change were investigated. In addition, a hydrothermal treatment was 
used to increase the retrogradation of the starch films, in order to understand the effect of native and 
retrograded crystalline structures on mechanical properties.  
Chapter 5 is addressed for understanding the biodegradability of starch films with different 
molecular and crystalline structures by α-amylolysis. Normal maize starch is acid hydrolyzed in 
different alcohol solutions to alter the starch molecular size, and different degrees of crystallinity 
were obtained by aging starch films at room temperature for different days. Two stages are 
identified for unretrograded films by fitting degradation data using first-order kinetics. Mechanisms 
are proposed to explain the differences in the degradation rates. 
Finally, chapter 6 recapitulates the most important findings and conclusions in the thesis and 
provides some recommendations for future work. 
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Chapter 2. An overview of starch-based materials from structure and processing to 
properties 
2.1  Introduction  
Conventional petroleum-based polymers, such as polyethylene and polystyrene, are 
non-renewable and non-biodegradable, which have caused serious environmental problems and 
contribute to the greenhouse gas emissions. Biodegradable polymers from renewable resources as a 
replacement to the synthetic polymers have been developed for certain applications. Attempt to 
process natural polymers, such as proteins and polysaccharides into plastics started from the 1970s 
(Doane, 1992). Starch, is one of the primary candidates among those biopolymers, which can be 
processed by using conventional plastic processing instruments with the advantages of being 
economical, renewable, and abundant. In addition, transgenic (transfer gene) technology greatly 
promotes the development and performance of starch as a bioplastics (Chaudhary, Torley, Halley, 
McCaffery & Chaudhary, 2009; Thuwall, Boldizar & Rigdahl, 2006; Xie et al., 2009), as which can 
be used to obtain high amylose starch (Jiang et al., 2010). 
Starch-based materials have the potential to replace conventional petroleum-based films in 
specific applications such as packaging materials (Siracusa, Rocculi, Romani & Rosa, 2008) and 
agricultural mulching films (Kyrikou & Briassoulis, 2007). It has been used for biomedical 
applications (Nair & Laurencin, 2007) such as wound dressings, drug delivery (Marques, Reis & 
Hunt, 2002; Milojevic et al., 1996) and surgical implants (Alberta Araújo, Cunha & Mota, 2004) 
recently, due to its excellent biocompatibility. Moreover, the biodegradability of starch makes it 
suitable as a carrier material for pesticides and fertilizers (Chen, Xie, Zhuang, Chen & Jing, 2008; 
Han, Chen & Hu, 2009). These non-traditional and industrial usages of starch increase its inherent 
commercial value. However, starch materials based on pure starch have poor mechanical properties 
and are hydrophilic, which restricts their applications. To overcome these weaknesses, different 
strategies (Swanson, Shogren, Fanta & Imam, 1993) have been developed to enhance the 
mechanical and barrier properties of starch based bioplastics, such as blending the starch with 
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synthetic biodegradable polymers such as polylactic acid (PLA), polycaprolactone (PCL) and 
polyhydroxybutyrate (PHB) (Avérous, 2004), or reinforcements with fibre (Avérous, Fringant & 
Moro, 2001; Lu, Weng & Cao, 2006; Müller, Laurindo & Yamashita, 2009), or nanoclay (Chiou, 
Wood, Yee, Imam, Glenn & Orts, 2007; Cyras, Manfredi, Ton-That & Vázquez, 2008; 
Majdzadeh-Ardakani, Navarchian & Sadeghi, 2010; McGlashan & Halley, 2003). Reviews, about 
other aspects of starch blends are available elsewhere (Halley Peter et al., 2007; Kaseem, Hamad & 
Deri, 2012; Le Corre, Bras & Dufresne, 2010). For non-blended starch materials (with some amount 
of plasticizer), the processing is more complicated than that of synthetic polymers due to the 
complex structure of native starch granules. The functional properties of thermoplastic starch (TPS) 
materials, such as the mechanical, barrier, biodegradability, are greatly affected by structures and 
additives (Azevedo, Gama & Reis, 2003; Rindlav-Westling, Stading, Hermansson & Gatenholm, 
1998; Walenta, Fink, Weigel, Ganster & Schaaf, 2001).  
Previous works to understand the complex nature of starch, the multi-level starch structural 
changes during processing and its relation to the functional properties of starch-based materials are 
reviewed and a brief summary of our current understanding of the structure-functional properties 
relationship of starch-based materials is given in this part. This will help to bridge the existing gaps 
of our current knowledge and the motivation of this thesis is easily explained.  
 
2.2  Fundamentals of starch and its thermal processing 
2.2.1. Native starch structure  
Unlike synthetic polymers, starch is produced naturally in plants as the major form of energy 
storage. Starches from different tissues and plant species show variations in granule size (0.1 – 100 
µm in diameter), shape (round, lenticular, polygonal), size distribution (uni- or bi-modal 
distributions), and composition (amylose content, lipid, moisture, protein and mineral content) 
(Tester, Karkalas & Qi, 2004). Starch is composed of two natural polymers, amylose and 
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amylopectin, both made of glucose monomers joined via glycosidic bonds.  
Starch structure can be categorized into at least five levels (Dona, Pages, Gilbert & Kuchel, 
2011). The linear glucose chains (Level 1), formed by α-(1→4) glycosidic linkages, are connected 
together by α-(1→6) glycosidic linkages forming branching points. Many of these chains come 
together to form fully branched individual amylose and amylopectin molecules (Level 2). Amylose 
is mostly linear with a few long branches, containing ~ 99% α-(1⟶4)-linked D-glucose units and 
~1% α-(1⟶6)-linked D-glucose units, with a molecular weight of approximately 105–106. 
Amylopectin is highly branched with a vast number of short branches, and is a much larger 
molecule (with a molecular weight of 107–109) than amylose. The external amylopectin chains form 
clusters of double helices, which build up the crystalline lamellae, with the internal parts along with 
branching points (sometimes termed building blocks) located in the amorphous lamellae (Pérez & 
Bertoft, 2010; Vamadevan, Bertoft & Seetharaman, 2013; Zhu, Bertoft & Seetharaman, 2013). The 
alternating crystalline and amorphous lamellae (Level 3) with an approximately 9–10 nm repeat 
distance (Jenkins & Donald, 1998; Witt, Doutch, Gilbert & Gilbert, 2012) collectively form the 
semi-crystalline growth rings (Level 4) in a starch granule (Level 5). Amylose is in either an 
amorphous or single helical conformation (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008) and is 
interspersed among amylopectin molecules (Jane, Xu, Radosavljevic & Seib, 1992b). A brief 
schematic of different levels of starch structure is shown in Figure 2.1. 
  
 Individ
branch
Figure 2
Starch h
degree of 
amylopecti
A-type sta
amylopecti
chains (Pe
occurs in s
potato. Sta
which is sh
starches ha
starches (T
with amyl
showing a 
high amylo
genes su a
native starc
 
ual 
es 
.1. Differen
as differen
crystallinity
n strongly 
rches has s
n (DP 30-
at, Whelan 
tarch cultiv
rch amylop
own in pot
s an interm
ester, Kark
ose, which
left-handed
se maize s
nd du) and
hes, such a
Amylose
amylope
t levels of 
t types of c
 from 15-
affects the
horter aver
44) from B
& Thomas
ars such a
ectin with
ato, canna, 
ediate (DP
alas & Qi, 
 complexes
 V-type cr
tarches (e.
 wrinkled 
s potato sta
 and 
ctin a
starch struc
rystalline s
45% (Zobe
 starch cry
age chain 
-type starc
, 1956) fav
s waxy ma
 longer ex
high amylo
 26-29) av
2004). Ano
 with aliph
ystalline str
g. Gelose 5
pea starche
rch and ma
32 
Crystalli
morphorou
ture (blue c
tructure, co
l, 1988b). 
stalline stru
lengths (de
hes. Starch
ours the fo
ize, regular
terior chain
se maize an
erage chain
ther crysta
atic alcoh
ucture. A V
0, Gelose 
s; howeve
ny tuber st
ne and 
s lamellea
ircle is the
mprising th
It has been
cture (Hiz
gree of po
 amylopec
rmation of
 maize, ric
s typically
d tulip roo
 length be
l polymorp
ols and mo
-type poly
80, which 
r, it is not 
arches.  
Grow
rings
glucose un
e A-, B-, C
 found tha
ukuri, 1985
lymerizatio
tin with re
 the A-type
e, wheat, ta
 display th
t starches. A
tween that 
h, known a
noacyl lip
morph also
are genotyp
commonly 
 
th 
 
Sta
it)  
- and V-ty
t the chain
). Amylop
n DP 23-2
latively sho
 polymorp
ro, tapioca
e B-type p
mylopecti
of A-type 
s V-type, is
ids (Morris
 has been 
es with th
observed i
rch granule
pes, with a
 length of
ectin from
9) than the
rt exterior
h, and this
 and sweet
olymorph,
n of C-type
and B-type
 associated
on, 1995),
detected in
e recessive
n common
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
2.2.2. Definition of thermoplastic starch 
Originally, starch granules are not meltable and therefore cannot be processed as a thermoplastic 
(Ebnesajjad, 2012). But it can be thermoplasticized under heat and mechanical agitation with 
appropriate processing agents, during which the hydrogen bonds in native starch are broken and 
new hydrogen bonds are formed (Forssell, Mikkilä, Moates & Parker, 1997; Lourdin, Bizot & 
Colonna, 1997) between the plasticizer and the glucose units (Waigh, Gidley, Komanshek & Donald, 
2000). Through processing, the semi-crystalline structure in starch is lost and the material becomes 
amorphous (Thunwall, Boldizar & Rigdahl, 2006).The resultant melt-processable starch is often 
termed thermoplastic-like starch (TPS) (Yu, 2009) or plasticized starch (PLS). In this dissertation, 
TPS is used. Typically mechanical shear, heat and pressure are involved to assist the processing; for 
example, the pressure drop promotes the melt flow and shear, although it is not essential for 
structural changes. The effects of shear and heat on the processing have been discussed in details in 
the previous publication (Li et al., 2011) 
Plasticizers such as water (Cai, Diosady & Rubin, 1995; Chang, Cheah & Seow, 2000; Li et al., 
2011; Shrestha, Ng, Lopez-Rubio, Blazek, Gilbert & Gidley, 2010), glycerol (Alves, Mali, Beleia & 
Grossmann, 2007; Fama, Goyanes & Gerschenson, 2007; Rindlav-Westling, Stading, Hermansson 
& Gatenholm, 1998; Rodriguez-Gonzalez, Ramsay & Favis, 2004; Shogren, Swanson & Thompson, 
1992), sucrose (Pushpadass, Marx & Hanna, 2008), fructose, glucose, glycols (Qiao, Tang & Sun, 
2011), urea (Pushpadass, Marx & Hanna, 2008; Shogren, Swanson & Thompson, 1992), stearic acid 
(Pushpadass, Marx & Hanna, 2008) and amino acid (Stein & Greene, 1997) have been used to assist 
PLS processing, which brings starch into a viscous melt.  
2.2.3. Processing techniques 
TPS can be processed by casting (only heating) or using traditional plastic processing equipment 
(thermochemical treatment), such as injection molding (Gomes, Ribeiro, Malafaya, Reis & Cunha, 
2001; Tabi & Kovacs, 2007), compression molding (Hulleman, Kalisvaart, Janssen, Feil & 
Vliegenthart, 1999; Thunwall, Boldizar & Rigdahl, 2006)and extrusion (Bhatnagar & Hanna, 1994; 
34 
 
Chaudhary, Torley, Halley, McCaffery & Chaudhary, 2009; Guha, Ali & Bhattacharya, 1997; 
Sreekumar, Al-Harthi & De, 2012), which has been used to process traditional petroleum-based 
plastics. Solution casting is a useful laboratory technique to prepare starch films (Alves, Mali, 
Beleia & Grossmann, 2007; Godbillot, Dole, Joly, Rogé & Mathlouthi, 2006; Koch, Gillgren, 
Stading & Andersson, 2010), especially when little amount of material is available. It includes 
solution preparation, gelatinization, casting and drying steps typically. The major disadvantage of 
film casting is the low production efficiency due to a slow solvent diffusion process and the extra 
energy needed for solvent recovery (Siemann, 2005). It cannot compete with other 
thermomechanical processing techniques such as extrusion, etc., as those processes are more stable 
and either continuous (extrusion) or discontinuous (compression molding and injection molding) in 
nature and all display shortened batch times compared to the solution casting process.  
Starch can be processed into TPS with a variety of forms (films, pellets or strands) by the 
continuous extrusion, which is efficient (at high rates) and shows little variation in the products over 
time. The destructured TPS from extrusion can be transformed into various shapes by other 
techniques such as injection molding. A schematic representation of the screw configuration of an 
extrusion system is shown in Figure 2.2. A twin-screw extruder is comprised by the screws with a 
slit or flat film die, followed by a haul-off device for orientation, collection and modification of the 
film thickness (Li et al., 2011). A viscoelastic starch melt is forced through the die to form sheet or 
film products. Extrusion can be operated under a broad range of processing conditions (1–50 MPa 
and 70–500 °C (Yu, Dean & Li, 2006)), which makes the technique versatile for its application. 
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2008; Vilaplana & Gilbert, 2010a) enables a more comprehensive understanding of the starch 
structures and structural changes resulted from processing. As there is no adequate quantitative 
method to evaluate the Level 4 structure (the growth rings), the role of this structure and its change 
are not addressed here. 
2.2.4.1 Chain length distribution and whole molecular structure  
Size-exclusion chromatography (SEC), which can separate polymers by their size, or more 
accurately, by hydrodynamic volume Vh (Cave, Seabrook, Gidley & Gilbert, 2009), has been widely 
used to explore the starch structural changes at Level 1 and Level 2.  
The average transit time (also called residence time) of particles through the separation column 
depends upon their molecular sizes. Molecules with a smaller size have longer residence time due to 
a more convoluted transit through the pores in the column, while larger particles are eluted from the 
column within a relatively shorter time, being excluded from the convoluted paths. Three detectors 
can be used to analyze the size distributions of macromolecules such as amylose and amylopectin 
after separation  (Gaborieau, Gilbert, Gray-Weale, Hernandez & Castignolles, 2007), which are 
differential refractive index (DRI), viscometry, and multiple angle laser light scattering (MALLS) 
detectors . DRI signals are used to construct the SEC weight distribution and viscometry to 
construct the number distribution of the sample. The weight-average molecular weight distribution, 
the number-average molecular weight distribution and the distribution of radii of gyration (Sudut, 
Othman, Al-Assaf & Hassan, 2010; Yokoyama, Renner-Nantz & Shoemaker, 1998; Yoo & Jane, 
2002) are constructed by a combination between DRI and MALLS signals and between DRI and 
viscometric signals, respectively. Due to the shear scission of large molecules during separation 
(Cave, Seabrook, Gidley & Gilbert, 2009; Vilaplana & Gilbert, 2010a), SEC cannot be used to 
analyze amylopectin accurately. (Although other techniques such as Field Flow Fractionation can 
separate molecules while avoiding shear scission of the larger ultra-high molecular weight 
molecules, but the proper solvent systems that can fully dissolve starch macromolecules without the 
formation of aggregates (e.g. DMSO with LiBr) may cause the deterioration of the AF4 membranes 
and also have such poor signal-to-noise ratios in DMSO as to be unusable (Gilbert, 2011; Gilbert, 
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Wu, Sullivan, Sumarriva, Ersch & Hasjim, 2013).  
Despite this, the size distribution data collected from SEC is useful to compare the distributions 
of amylopectin molecules which have large structural changes, as the shear scission should effect all 
samples in a similar manner in a given set-up (Liu, Halley & Gilbert, 2010; Syahariza, Li & Hasjim, 
2010). 
The state of starch dissolution (Bello-Pérez, Rodríguez-Ambriz, Agama-Acevedo & 
Sanchez-Rivera, 2009) and data manipulation in SEC measurement (Yoo & Jane, 2002) is very 
important. DMSO/LiBr (Gomez & Aguilera, 1983; Syahariza, Li & Hasjim, 2010) solutions have 
been proved to be a better solvent system for starch analysis (Schmitz, Dona, Castignolles, Gilbert 
& Gaborieau, 2009) than sodium hydroxide which has historically been used to dissolve starch but 
may cause starch molecular degradation (Alvarez, Fernández, Olivares & Canet, 2012). 
Additionally, elution volume has been commonly used in previous studies (e.g. (Brummer, Meuser, 
Van & Niemann, 2002; McPherson & Jane, 2000)) to interpret the SEC results; however, the elution 
volume of molecules depends on the instrument type, set-up, running environment and molecular 
size (Syahariza, Li & Hasjim, 2010), and thus, data from different runs are not comparable.  
2.2.4.2 Crystalline structure 
X-ray diffractometry (XRD) is used to determine the crystalline pattern and degree of 
crystallinity of starch. The different peaks in the diffractogram represent different crystalline 
polymorphs of starch (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008; Popov et al., 2009; Putaux, 
Cardoso, Dupeyre, Morin, Nulac & Hu, 2008; Takahashi, Kumano & Nishikawa, 2004). The A-type 
polymorphic starch shows major peaks at 2θ ~15.3°, 17.1°, 18.2° and 23.5°, and the B-type shows 
major peaks at 2θ ~5.6°, 17.2°, 22.2° and 24° (Zobel, 1964). A typical figure showing the crystalline 
polymorphs from different native starches can be found in the study of van Soest and Vliegenthart 
(van Soest & Vliegenthart, 1997). 
The degree of crystallinity is traditionally measured by assuming that relatively perfect 
crystalline areas are interspersed in amorphous regions, using a two-phase concept. However, this 
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model is not compatible with the complex starch structures in a polymeric system, such as lamellar 
crystalline growths, lattice dislocations and chain folding. Crystalline-defect model was proposed to 
take into account that the portion of the X-ray scattering from crystalline domains that is diffused 
and contributes to the amorphous background of the two phase model, which underestimates of the 
actual degree of crystallinity. A modified fitting is developed recently by Lopez-Rubio et al. 
(Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008), assuming that all amorphous material is broadly 
distributed while crystalline material is more narrowly distributed around the obvious peaks; the 
results using this fitting can be comparable to those measured by 13C solid state cross polarized 
magic angle spinning (CP/MAS) NMR. (As NMR technique has not been used in this study, it is 
not discussed in details. The detailed principles and main results can be found other where else 
(Cheetham & Tao, 1998; Gidley & Bociek, 1988; Laws, Bitter & Jerschow, 2002; Lopez-Rubio, 
Flanagan, Shrestha, Gidley & Gilbert, 2008; Veregin, Fyfe, Marchessault & Taylor, 1986).)  
It is important to note that not all the ordered helical structures are arranged into crystals, as the 
crystalline structure of starch extrudate analyzed by XRD is lower than the helical content detected 
by NMR (Htoon et al., 2009), implying that some double helices in starch granules are not in an 
ordered crystalline structure. Thus the combination of those two techniques can help to explain 
changes on TPS crystalline structure by observing the difference between the proportion of double 
helices and crystallinity. 
Besides XRD and NMR, differential scanning calorimetry (DSC) (Höhne & Glöggler, 1989) can 
also give the information of the amount of helix/ crystalline structure in native starch or TPS 
(formed during recrystallization). DSC is normally used to measure the polymer phase transition, 
where the typical phase transition diagram measured by DSC is shown in Figure 2.3. Classical 
starch phase transitions, such as gelatinization and retrogradation (recrystallization), can be 
represented by the enthalpy, the onset, peak and completion temperature (Hirashima, Takahashi & 
Nishinari, 2012; Liu, Yu, Xie & Chen, 2006). Temperature difference between onset and completion 
temperature reflects different forms of the crystalline structure: if it is more homogeneous or 
heterogeneous; for example, a narrower thermal peak due to retrogradation implies the formation of 
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quantitative measurement from light microscopy or SEM, as one is calculated following theory and 
the other is the average of particle sizes with a number of images.  
2.3  Physiochemical reactions and structural changes during processing 
Thermal and mechanical energy input can be varied by the processing parameters (Altskar et al., 
2008) such as plasticizer content, processing temperature, and screw speed, and will change the 
different levels of starch structure (Levels 1, 2, 3 and 5, shown in Figure 2.1) to different degrees 
(Jane & Chen, 1992; Walenta, Fink, Weigel & Ganster, 2001; Walenta, Fink, Weigel, Ganster & 
Schaaf, 2001). Those structural changes can be characterized using different experimental 
techniques, as described in Section 2.2.4. The physiochemical reactions, such as gelatinization and 
retrogradation, take place during processing have been investigated extensively especially for native 
starch granules and are strongly correlated with the structural changes during processing.   
2.3.1. Physiochemical reactions during and after starch processing 
When native starch is converted into TPS, it undergoes complex physicochemical reactions, 
including starch swelling, gelatinization, melting, molecular degradation and other physicochemical 
structure changes (Liu, Xie, Yu, Chen & Li, 2009). After processing, TPS retrogrades during storage 
because of the rearrangement of the starch chains facilitated by the plasticizers (Shi et al., 2007; van 
Soest, Dewit, Tournois & Vliegenthart, 1994).  
2.3.1.1 Gelatinization 
Gelatinization is a unique phenomenon for starch, which commonly occurs when heating starch 
in excess water. It involves several physicochemical reactions, including swelling, crystal melting. 
In this thesis, gelatinization is used to describe as: 1) the amorphous regions absorb water and the 
granules swell (Level 5); the initial size of crystalline regions, however, does not change. 2) The 
swelling then expands from the amorphous region to the crystalline region when the temperature is 
higher than the initial gelatinization temperature (To), resulting in the disruption of the hydrogen 
bonds of double helical structures, which causes the loss of the crystallites (Level 3) and 3) the 
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dispersion of starch molecules into the aqueous phase (Holm et al., 1983; Jenkins & Donald, 1998). 
Negligible molecular degradation or depolymerization (Level 1 and 2) happens during starch 
gelatinization.  
Gelatinization take place under various moisture contents (Liu, Yu, Xie & Chen, 2006), showing 
different gelatinization temperature. For starch with excess water, a single gelatinization endotherm 
(usually denoted G) is usually observed in the low temperature range (54–73°C), which is now well 
accepted as the gelatinization of amylopectin (Donovan, 1979; Evans & Haisman, 1982; Russell, 
1987). By reducing the water content (<64%), another endotherm, M1, occurs at higher temperature 
and overlaps with the G transition, reflecting the non-equilibrium melting of crystallites (Donovan, 
1979; Russell, 1987). Besides G and M1, more endothermic peaks have also been observed at even 
higher temperature: M2, considered to be the phase transition within an amylose–lipid complex 
(Jovanovich, Zamponi, Lupano & Anon, 1992; Raphaelides & Karkalas, 1988); and Z, which has 
been attributed to the annealing of amylopectin crystallites during heating (Maurice, Slade, Sirett & 
Page, 1985; Russell, 1987).  
The gelatinization behaviour of starch with in starch-glycerol-water system is investigated in our 
previous paper (Liu et al., 2011). Besides the plasticizer content, gelatinization is affected by other 
factors, such as starch structure (Charles, Chang, Ko, Sriroth & Huang, 2005; Fredriksson, Silverio, 
Andersson, Eliasson & Åman, 1998; Jane et al., 1999b), pressure (Douzals, Marechal, Coquille & 
Gervais, 1996; Stute, Heilbronn, Klingler, Boguslawski, Eshtiaghi & Knorr, 1996), and heating 
condition (with or without shear) (Chen, Yu, Kealy, Chen & Li, 2007). Starches with different 
amylose contents have significantly different gelatinization temperatures (Liu, Yu, Xie & Chen, 
2006) , where the gelatinization temperature is much higher when amylose content increases. When 
gelatinization occurs at a shear condition, the mechanical shear assists the rupture of starch granules 
and decreased gelatinization temperatures, as it tears apart granular structure allowing plasticizer to 
penetrate starch granules more easily (Chen, Yu, Kealy, Chen & Li, 2007).  
In this thesis, the main thermal transition is termed as ‘gelatinization’ rather than ‘melting’, 
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which the former is a complex progress as described previously (Lund & Lorenz, 1984) and the 
latter normally represents a phase transition when a substance turn from a solid to a liquid. 
2.3.1.2 Degradation 
Processing-induced starch structural degradation including thermal decomposition (Liu et al., 
2013) and shear-induced molecular degradation as has been studied elsewhere (Davidson, Paton, 
Diosady & Rubin, 1984; Vergnes, Villemaire, Colonna & Tayeb, 1987). Shear-induced molecular 
degradation occurs at a lower temperatures and is strongly affected by the specific mechanical 
energy (Minekus et al.) with starch molecules likely to be sheared into smaller molecules in typical 
extrusion processing conditions (Cai, Diosady & Rubin, 1995; Davidson, Paton, Diosady & Rubin, 
1984; Liu, Halley & Gilbert, 2010; Van den Einde, Bolsius, Van Soest, Janssen, Van der Goot & 
Boom, 2004; Willett, Millard & Jasberg, 1997). Thermal decomposition in an open system normally 
takes place at the relatively high temperature of 250 °C (Liu, Yu, Liu, Chen & Li, 2009; Shogren, 
1992) and is slightly affected by the amylose/amylopectin ratio but not the water content as the 
water evaporates at approximately 100 °C. The molecular structure changed by shear is discussed in 
details in next section 2.3.2.1.  
2.3.1.3 Retrogradation 
Starch-based materials are soft and flexible after exiting the extruder or after compression 
molding and are largely amorphous (Hulleman, Janssen & Feil, 1998; Thunwall, Boldizar & 
Rigdahl, 2006); they become stiffer when forming ordered crystalline structures during storage (van 
Soest, Hulleman, de Wit & Vliegenthart, 1996a). The glass transition (Tg), which varies with 
plasticizer content (Lourdin, Coignard, Bizot & Colonna, 1997), strongly affects molecular mobility 
and thus affects the reorganization phenomena, such as retrogradation. van Soest et al. (van Soest & 
Vliegenthart, 1997) defined retrogradation as follows: starch structural changes, such as helix 
formation and crystallization, during ageing of starch materials above the glass-transition 
temperature (Tg). Noted that gelatinized starch will still retrograde below the glass transition 
temperature, and thus here retrogradation refers to the recrystallization of gelatinized starch which 
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takes place during storage, which is responsible for the texture changes (Farhat, Blanshard & 
Mitchell, 2000).  
Retrogradation is an ongoing process occurring over an extended period, which is affected by the 
plasticizer type (Dai, Chang, Yu, Geng & Ma, 2006; Hirashima, Takahashi & Nishinari, 2012) and 
content (Farhat, Blanshard & Mitchell, 2000; Rodriguez-Sandoval, Fernandez-Quintero, Cuvelier, 
Relkin & Bello-Perez, 2008), storage temperature (Farhat, Blanshard & Mitchell, 2000; Lu, Jane & 
Keeling, 1997; Rodriguez-Sandoval, Fernandez-Quintero, Cuvelier, Relkin & Bello-Perez, 2008), 
time (Lu, Jane & Keeling, 1997; van Soest, Hulleman, de Wit & Vliegenthart, 1996a), relative 
humidity (van Soest, Hulleman, de Wit & Vliegenthart, 1996a), and amylose content (Lu, Jane & 
Keeling, 1997). Amylose recrystallizes rapidly, taking any time from minutes to hours (Ogawa, 
Kobayashi & Adachi, 2012), while amylopectin recrystallizes slowly, taking hours to days 
(Copeland, Blazek, Salman & Tang, 2009). Amylose and amylopectin form into single and/or 
double helices during retrogradation, and the final degree of crystallinity in a polymer sample is 
dependent on crystal nucleation as well as the mobility and flexibility of the chains to propagate the 
crystals (Rindlav-Westling, Stading, Hermansson & Gatenholm, 1998).  
2.3.2. Processing induced structural changes  
As extrusion processing is the main processing technique used in this thesis, starch structural 
changes after extrusion are reviewed specifically in this literature review. Processing parameters 
such as temperature, shear, plasticizer content (Akdogan, 1996; Guha, Ali & Bhattacharya, 1997; 
Pelissari, Yamashita & Grossmann, 2011; Sandoval & Barreiro, 2007; Shogren, Fanta & Doane, 
1993; Wang, Bouvier & Gelus, 1990; Willett, Jasberg & Swanson, 1995), and extruder design 
(screw configuration, compression ratio, L/D ratio, and die design) can all affect starch structure 
(Cai, Diosady & Rubin, 1995; Liu, Halley & Gilbert, 2010; Van den Einde, Bolsius, Van Soest, 
Janssen, Van der Goot & Boom, 2004; Willett, Millard & Jasberg, 1997), which can be 
characterized by using the different techniques described later in Section 2.4. For example, 
degradation of the chain length distribution (Level 1) and whole amylose/amylopectin molecules 
(Level 2) due to shear can be examined using SEC (Liu, Halley & Gilbert, 2010), the crystalline 
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structure (Level 3) change can be characterized using XRD and DSC, while the granular 
morphology (Level 5) can be observed by light microscopy or SEM. Furthermore, these multi-level 
structural changes may further influence functional properties of the final product, such as 
mechanical properties and biodegradability.  
2.3.2.1 Effect of processing on the starch chain length distribution and macromolecular structure  
Degradation caused by processing on the starch molecular level have been greatly reported (Cai, 
Diosady & Rubin, 1995; Liu, Halley & Gilbert, 2010; Van den Einde, Bolsius, Van Soest, Janssen, 
Van der Goot & Boom, 2004; Willett, Millard & Jasberg, 1997). Amylopectin is more susceptible to 
shear degradation than that of amylose when processed under the same conditions, resulting in a 
significant decrease in the –Mw (Davidson, Paton, Diosady & Rubin, 1984; Della Valle, Boche, 
Colonna & Vergnes, 1995; Myllymaki, Eerikainen, Suortti, Forssell, Linko & Poutanen, 1997b; 
Politz, Timpa & Wasserman, 1994; Willett, Millard & Jasberg, 1997). Liu et al. (Liu, Halley & 
Gilbert, 2010) developed a maximum stable molecular size theory to explain the amylopectin 
degradation: extrusion prefers the cleavage of larger molecules, causing the size distribution to be 
narrower and converge toward a maximum stable size. Amylose molecules, which have a 
hydrodynamic radius Rh value of 19 nm, are smaller than the molecules with maximum stable size, 
and thus is less degraded. In addition, amylopectin with its short-chain hyperbranched structure is 
assumed to be relatively inflexible, leading to a higher susceptibility to shear scission. However, no 
information has been reported on the susceptibility of the α-(1→6) glycosidic linkages (the 
branching points) located mostly in the amorphous lamellae of starch granules, or on the α-(1→4) 
glycosidic linkages spread out in both crystalline and amorphous lamellae. Although amylopectin is 
greatly degraded after processing, its chain length distribution (Level 1) is rarely changed.  
Brummer et al. (Brummer, Meuser, Van & Niemann, 2002) systematically investigated the effect 
of mechanical energy and thermal energy on starch molecular degradation. They found that the 
reduction in –Mw was highly dependent on the increase of SME, but thermal energy had no 
influence over temperatures ranging from 110 to 180 °C. Similar conclusions are obtained in other 
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studies (Brummer, Meuser, Van & Niemann, 2002; Myllymaki, Eerikainen, Suortti, Forssell, Linko 
& Poutanen, 1997a; Willett, Millard & Jasberg, 1997) with different mathematical models 
developed between –Mw and SME input. An exponential increase in the cleavage of α-(1→4) 
glycosidic linkages has been found when the temperature is higher than 180 °C (Brummer, Meuser, 
Van & Niemann, 2002); this change in degradation rate is more likely to be due to the mechanism 
pyroconversion rather than the mechanism of shear scission observed at lower temperatures.  
2.3.2.2 Effect of processing on the crystalline structure 
Crystallinity can be varied by processing parameter such as the treatment temperature (Hulleman, 
Kalisvaart, Janssen, Feil & Vliegenthart, 1999), time and the air humidity (Rindlava, Hulleman & 
Gatenholma, 1997). To be more specified, two types of crystallinity remain in the TPS (van Soest, 
Hulleman, de Wit & Vliegenthart, 1996b): residual crystalline structure from unmelted starch 
granules and the newly formed (retrograded) crystalline structure. The residual crystallinity might 
be from insufficient destructuring, whereas processing-induced crystalline structure can be 
influenced by the residence time, screw speed (van Soest, Hulleman, de Wit & Vliegenthart, 1996b), 
temperature (Walenta, Fink, Weigel, Ganster & Schaaf, 2001), plasticizer type (Dai, Chang, Yu, 
Geng & Ma, 2006; Ma & Yu, 2004) and content (van Soest, Hulleman, de Wit & Vliegenthart, 
1996b) and amylose content (van Soest, Hulleman, de Wit & Vliegenthart, 1996b). With different 
processing techniques, more residual crystallinity may remain if compression molding is carried out 
at a lower temperature (van Soest, Hulleman, de Wit & Vliegenthart, 1996b) or when high amylose 
starch is used (Dhital, Shrestha & Gidley, 2010a; Walenta, Fink, Weigel, Ganster & Schaaf, 2001). 
For the newly-formed crystalline structures: B-type crystallinity can be formed by the 
recrystallization of amylopectin or co-crystallization of amylose and amylopectin (Rindlav-Westling, 
Stading & Gatenholm, 2002; Smits, Hulleman, Van, Feil & Vliegenthart, 1999), which can be 
affected by the water content (Hulleman, Kalisvaart, Janssen, Feil & Vliegenthart, 1999). V-type 
crystallinity with a left-handed, single helical confirmation has been observed for non-waxy starch 
after processing (Considine, Noisuwan, Hemar, Wilkinson, Bronlund & Kasapis, 2011). Both 
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increasing the screw speed during extrusion and increasing residence time during kneading bring an 
increase in the amount of this type of crystallinity (van Soest, Hulleman, de Wit & Vliegenthart, 
1996b; Walenta, Fink, Weigel, Ganster & Schaaf, 2001). Temperature may or may not affect the 
crystallinity depending on the type of starch (Walenta, Fink, Weigel, Ganster & Schaaf, 2001): the Vh 
crystallite dimensions (crystal size) of potato starch films increased significantly with an increase in 
extrusion temperature, as the degree of hydration may vary the specific crystalline polymorph to be 
either a Vhydrate (Vh) or Vanhydrous (Va) type (van Soest, Hulleman, de Wit & Vliegenthart, 1996b; 
Zobel, 1988a), whereas maize starch did not show any significant change.  
2.3.2.3 Effect of processing on starch granule morphology  
Similar to the changes in crystalline structure, the starch granules encounter different degrees of 
disruption depending on the processing conditions and starch type. Willett et al. (Willett, Millard & 
Jasberg, 1997) reported that no residual granule structure was detected in extrudates of waxy maize, 
and the granule structure was therefore assumed to be completely lost after the processing. The 
granules of waxy maize and normal maize starches are more easily damaged than those of high 
amylose maize starches (~63% amylose content) after extrusion (Dhital, Shrestha & Gidley, 2010a; 
Walenta, Fink, Weigel, Ganster & Schaaf, 2001), partly due to the low amount of swelling and high 
gelatinization temperature of the high amylose granules. Similar results are found in 
compression-molded materials with a greater number of high amylose granules (Altskar et al., 2008; 
Van Soest & Borger, 1997). 
Two different mechanisms by which processing can effect granular structure is either by 
gelatinization or by mechanical shear. Gelatinization during processing in excess water conditions 
behaves similarly to native granules (as described in section 2.3.1.1). However, gelatinization  
(Cunningham, 1996) via thermal energy in low moisture content conditions requires starch to be 
heated to a much high temperature than found in typical excess water processing conditions. This 
means that mechanical shear is crucial in low moisture conditions as the mechanical energy during 
extrusion breaks starch granules into smaller fragments. The granular fragmentation by shearing 
during extrusion follows a similar process as the starch milling (Dhital, Shrestha & Gidley, 2010a; 
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Hasjim, Li & Dhital, 2012; Tran, Shelat, Tang, Li, Gilbert & Hasjim, 2011). The changes on the 
granular structure have not been thoroughly quantified (for example, the proportion of ungelatinized 
starch granules, as well as the thermal and mechanical energy input). The precise interplay between 
the effect of thermal gelatinization and shear on starch granules in processing is still largely 
unknown. 
2.3.2.4 Effect of processing on the melt viscosity  
Starch shows shear-thinning behaviour during processing (Xie et al., 2009), and the rheological 
behaviour can be the consequent result of structural changes due to processing. Relative literatures 
can be found elsewhere (Willett, Jasberg & Swanson, 1994, 1995; Xie, Halley & Avérous, 2012; 
Xie et al., 2009). The starch melt viscosity can be measured in-line or offline, either by 
incorporating appropriate devices within the extruder or ‘extruder-type capillary/slit rheometer’, 
and it is affected by the processing parameters such as temperature, screw speed, and plasticizer 
content. As the main focus of this thesis is to understand the structural changes during processing, 
the effect of processing on the viscosity of starch melt is not stressed here.  
2.4  Factors affecting TPS mechanical properties 
TPS materials need to exhibit appropriate mechanical properties for certain applications: for 
example, agricultural mulching films should have certain tensile strength and elongation at break to 
prevent breakage. Although the Young’s modulus of waxy maize starch films (160 MPa) can be 
comparable to that of the low density polyethylene (LDPE) and high density polyethylene (HDPE) 
(237 and 100 MPa, respectively) which are stiff in nature, TPS materials are fragile, with a tensile 
strength of (5.5~7.5 MPa) which is lower than that of the LDPE and HDPE (20~80 MPa) 
(Chaudhary, Torley, Halley, McCaffery & Chaudhary, 2009) and poor elongation properties 
(maximum elongation ~ 6% (Li et al., 2011)). Thus a good understanding of the factors affecting the 
mechanical properties is needed in order to guide the design of TPS materials for specific 
applications. Influences of starch structure (Chaudhary, Torley, Halley, McCaffery & Chaudhary, 
2009; Li et al., 2011; Lourdin, Della Valle & Colonna, 1995; Rindlav-Westling, Stading, 
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Hermansson & Gatenholm, 1998; van Soest, Benes, de Wit & Vliegenthart, 1996; Yu & Christie, 
2005) and plasticizer (Myllärinen, Partanen, Seppälä & Forssell, 2002; Van Soest & Borger, 1997; 
van Soest, Hulleman, de Wit & Vliegenthart, 1996a; Walenta, Fink, Weigel & Ganster, 2001; 
Walenta, Fink, Weigel, Ganster & Schaaf, 2001) on the mechanical properties are discussed in this 
part.  
2.4.1. Effects of starch structure on mechanical properties 
The structure mentioned in this section includes natural structures, such as amylose content, 
which is not changed by processing, and the altered structure features (such as –Mw, crystallinity 
type and ratio) (Htoon et al., 2009; van Soest, Benes, de Wit & Vliegenthart, 1996; van Soest, 
Hulleman, de Wit & Vliegenthart, 1996a; Yu & Christie, 2005) after processing and/or caused by 
retrogradation.  
2.4.1.1 Effect of amylose content on the mechanical properties 
The higher tensile strength and elongation at break for TPS films made from amylose or starch 
with a higher amylose content have been explored since the 1950’s (Wolff, Davis, Cluskey, 
Gundrum & Rist, 1951), in which the samples were mainly prepared by solution casting with 
amylose extracted from starch. Currently, commercial high-amylose maize starches are available, 
which can be processed by extrusion (Li et al., 2011; Thuwall, Boldizar & Rigdahl, 2006), making 
the production of TPS with increased film strength significantly easier.  
The effects of amylose on the mechancial properties have been explored through two different 
ways; one way is to use native starches with different amylose contents (Chaudhary, Torley, Halley, 
McCaffery & Chaudhary, 2009; Li et al., 2011; Van Soest & Borger, 1997; Yu & Christie, 2005), 
and the other way is to use amylose and amylopectin with certain composition (Lourdin, Della Valle 
& Colonna, 1995; van Soest & Essers, 1997). Similar conclusions are obtained from both ways, for 
example Loudin et al. (Lourdin, Della Valle & Colonna, 1995) found that with increasing amylose 
content from 0% to 100%, the elongation at break of film was increased from 4.2% to 6.2%, and the 
tensile strength increased linearly with amylose content from 38 to 69 MPa. TPS made from 
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starches with a similar amylose content showed a higher elongation at break when the amylose 
contained longer branches. The higher tensile strength is explained by the entangled network formed 
by amylose throughout the materials (Leloup, Colonna & Buleon, 1991; Yu & Christie, 2005). In 
contrast the recrystallization of amylopectin outer chains leads to a more rigid, less flexible, 
materials with lower elongation at break (van Soest & Essers, 1997).  
2.4.1.2 Effect of molecular weight on the starch mechanical properties 
In order to understand the effect of –Mw on the mechanical properties, model materials with 
different –Mw and molecular weight distribution have been obtained by using enzymes (Walenta, 
Fink, Weigel & Ganster, 2001) or acids (van Soest, Benes, de Wit & Vliegenthart, 1996) to 
hydrolyze starch or amylose extracted from starch. Walenta et al. (Walenta, Fink, Weigel & Ganster, 
2001) found that the tensile strength and Young’s modulus of extruded films were increased as the 
average molar mass increased, whereas the mechanical properties were not affected by the molecular 
weight distribution. van Soest et al. (van Soest, Benes, de Wit & Vliegenthart, 1996) reported that 
increased average molar mass enhanced the tearing energy of the extruded films, while it did not 
change the elastic modulus and tensile strength. The enhanced tearing energy is explained by the 
longer amylose chain length as well as the higher molecular weight and more effective 
entanglements formed between the outer chains of amylopectin and with amylose. However, when 
starch is degraded to different degrees, no specific information on the chain length governing the 
stress-strain properties has been reported. The inconsistency of conclusions found in the literatures 
(Lloyd & Kirst, 1963; van Soest, Benes, de Wit & Vliegenthart, 1996; Walenta, Fink, Weigel & 
Ganster, 2001) on the relationship between starch molecular weight and the mechanical properties 
of TPS are partly due to the difficulty in separating the effects of molecular weight on the 
mechanical properties of TPS films from those of the amylose content (Walenta, Fink, Weigel & 
Ganster, 2001) and starch retrogradation (van Soest, Benes & De Wit, 1995). Furthermore, accurate 
measurement of –Mw is very difficult, for a number of reasons (Gidley et al., 2010). 
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2.4.1.3 Influence of crystallinity on mechanical properties  
Mechanical properties are strongly influenced by the crystalline structure formed during aging 
(Alves, Mali, Beleia & Grossmann, 2007; Kuutti, Peltonen, Myllarinen, Teleman & Forssell, 1998; 
van Soest, Hulleman, de Wit & Vliegenthart, 1996a; van Soest & Vliegenthart, 1997). Increases in 
crystallinity leads to increases in film stiffness and elongation at break (Hulleman, Janssen & Feil, 
1998; Lu, Jane & Keeling, 1997; van Soest, Hulleman, de Wit & Vliegenthart, 1996a). Higher 
crystallinity enhances the tensile strength, but if sufficient recrystallization occurs the film may 
become weaker due to increases in the brittleness of the film. van Soest et al. (van Soest, Hulleman, 
de Wit & Vliegenthart, 1996a) reported that starch films with increasing B-type crystallinity (from 
5-30%) led to an increase in tensile stress from 3-7 MPa. However, when the crystallinity was above 
30%, the starch was easier to crack, as a more rigid structure formed with the co-crystallization of 
amylose and amylopectin causing greater internal stress in the starch network.  
In contrast to the results discussed above, a correlation has been found between increasing 
crystallite dimensions and improved tensile strength and Young’s modulus for potato and maize 
starch, rather than with the degree of crystallinity: Walenta et al. (Walenta, Fink, Weigel, Ganster & 
Schaaf, 2001) found that the formation of large crystallites with virtually unchanged degree of 
crystallinity resulting from an increased temperature during extrusion allowed for a higher Young’s 
modulus. This might be because the degree of crystallinity of TPS comes from both the residual 
crystallinity and the processing-induced crystallinity, which may have different contributions to the 
mechanical properties. Therefore, the results in previous studies do not lead to a simple correlation 
between the crystalline structure and the mechanical properties.  
2.4.2. Effect of plasticizer content on properties  
Plasticizers are not only crucial to improve the processing of polymers, but also strongly 
influence their mechanical properties (Das, 2008; Hulleman, Janssen & Feil, 1998; Maatoug, 
Ladhari & Sakli, 2009; van Soest & Knooren, 1997). TPS with higher plasticizer content has higher 
elongation at break and lower elastic modulus (i.e. Young’s modulus), presumably because 
52 
 
plasticizer embeds itself between the chains of polymers increasing the "free volume", making the 
polymer chains more flexible. As reported by Wolff et al. (Wolff, Davis, Cluskey, Gundrum & Rist, 
1951) the tensile strength of amylose films plasticized with glycerol decreased from 65 to 20 MPa 
as the glycerol content increased from 0 to 30%, while the elongation at break increased from 13% 
to 46%.  
 
2.5  Evaluation of biodegradation 
Besides the mechanical properties, biodegradability is one important functional properties of 
starch-based materials. As defined by ASTM D6400, a degradable plastic is one in which the 
degradation results from the action of naturally occurring microorganisms such as bacteria, fungi 
and algae. It is important to quantify the biodegradation of polymers, as biodegradation rate is 
relevant to the usability of the final product. For example, the biodegradation rate of agricultural 
mulching films should be slow enough to prevent the growth of unwanted plants and fast enough to 
assure no accumulation of the plastic in the soil. In addition, the degradation rate of biomedical 
materials, such as tissue scaffolds (Salgado, Coutinho, Reis & Davies, 2007), is linked to their 
mechanical properties providing proper stress until the newly grown tissue takes over the synthetic 
support. Reviews on biodegradable materials, about the processing, degradation mechanism can be 
found elsewhere (Avérous, 2004; Shah, Hasan, Hameed & Ahmed, 2008; Siracusa, Rocculi, 
Romani & Rosa, 2008). This review introduces biodegradation methods commonly used, and points 
out those factors which affect biodegradation tests and those which control the biodegradability of 
TPS. 
2.5.1. Biodegradation tests 
Biodegradation includes two stages (Kyrikou & Briassoulis, 2007): the first is the fragmentation 
of the materials under mechanical (grinding), chemical (irradiations by ultraviolet rays; e.g. 
photodegradation), thermal conditions, and biofragmentation due to the work of microscopic fungi 
53 
 
and bacteria, or other biological agents (earthworms, insects, roots of plants, even rodents); the 
second stage corresponds to biodegradation in the strict sense that the product is digested by 
microorganisms (such as bacteria, fungi and algae (Gautam, Bassi & Yanful, 2007)) into CO2 or 
CH4, water and biomass, which often occurs simultaneously with the first stage. Based on this 
definition, different biodegradation methods are often used. 
To evaluate the biodegradation rate, tests can be subdivided into three categories: field tests, 
simulation tests, and laboratory tests (Müller, 2005). Field tests, such as placing plastics in soil, 
composting or the sea, represent the ideal practical environmental conditions. The disadvantage of 
this type of testing is the uncontrollable environmental conditions such as temperature, pH, or 
humidity and the limited analytical opportunities to monitor the degradation process.  
As an alternative to field tests, simulation tests at the laboratory scale (Müller, 2005) are a better 
way to control all environmental factors. The standards (such as ISO14852, 14855, 17556) follow 
the principle of simulating the environmental degradation by burying polymers in an active sludge 
of microbic inoculum, using controlled composting or soil conditions. Common analytical methods 
are then applied to measure the amount of CO2 produced or to measure the weight loss of the 
polymer material during the degradation. However, these measurements are time consuming. In 
addition, it is difficult to compare the results among different studies with the different conditions 
(such as humidity, temperature cycle, type of organism) used.  
Biodegradation of plastics by the action of microorganisms, and thus their enzymes, are the 
essential step to control the plastics biodegradation. Using an enzymatic degradation method could 
be valuable to understand degradation mechanism, such as the correlation of polymer structure and 
biodegradability (Gorrasi & Pantani, 2013; Marten, Muller & Deckwer, 2003). Though this method 
cannot be used to prove biodegradation in terms of metabolism by a microorganism, it is more 
repeatable (Hamdi, Ponchel & Duchêne, 1998) and time-efficient (Russo, Truss & Halley, 2009) 
and thus provides an excellent screening method. Another laboratory based test is to use the clear 
zone method on agar plates (Augusta, Müller & Widdecke, 1993) which can discover the 
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degradation potential of different microorganisms towards a polymer. 
2.5.2. Enzymatic degradation of starch-based materials 
The enzymes for starch hydrolysis can generally be classified into two groups: endo-acting 
α-amylases which cleave internal linkages within the chain, and exo-acting β-amylases and 
glucoamylases which act exclusively at the non-reducing-ends of starch chains to form maltodextrin 
or maltose products (Robyt, 2008). Enzymatic processes in TPS materials can be described briefly 
as follows: an enzyme diffuses towards the solid–liquid interface (Colonna, Leloup & Buleon, 
1992); once adsorbed, the enzyme begins to hydrolyse the substrate forming an enzyme-substrate 
complex, with the number of adsorption sites largely dependent on the structure of the substrate 
(Leloup, Colonna & Ring, 1990). In the following sub-sections, the principle hydrolytic enzymes of 
starch are introduced. 
2.5.2.1 α-Amylase 
α-amylase is an endoenzyme which hydrolyzes starch at inner α-(1→4) bond of starch chains, 
creating soluble oligosaccharides with an α-configuration at the anomeric carbon of the reducing 
end (Robyt, 2008). The soluble oligosaccharides from starch hydrolysis by α-amylase are mainly 
maltose, maltotriose, and α-limit dextrins with several α-(1→6) linkages, with only a minor amount 
of glucose produced (Seigner, Prodanov & Marchis-Mouren, 1987). The products from α-amylase, 
such as the maltodextrins, are of specific sizes, depending on the type of the α-amylase which can 
have a variety of active sites and activities (Janecek, Svensson & Henrissat, 1997; Kuriki & 
Imanaka, 1999; Reddy, Nimmagadda & Rao, 2003). α-amylases are generally sensitive to changes 
in temperature and pH and their activity varies at different pHs or temperatures, for example,.a 
thermostable α-amylase from thermophilic fungus, Scytalidium thermophilum has an optimum 
temperature and pH, which are 60 °C and 6.0, respectively (Aquino, Jorge, Terenzi & Polizeli, 
2003). The products of starch hydrolysis (up to 6 h of reaction) that are analyzed are typically 
oligosaccharides such as maltotrioses, maltotetraoses and maltopentaoses. Maltose and traces of 
glucose are formed only after 3 h of reaction. 
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2.5.2.2 β-amylase 
β-amylase can be synthesized by bacteria, fungi, and plants, which catalyzes the hydrolysis of 
the penultimate glycosidic bond at the non-reducing-ends of starch chains to generate β-maltose 
(Ao, Simsek, Zhang, Venkatachalam, Reuhs & Hamaker, 2007; Kittisuban, Lee, Suphantharika & 
Hamaker, 2014). Amylopectin cannot be fully degraded into β-maltose as the hydrolysis is blocked 
by α-(1→6) branch linkages which cannot be hydrolyzed by β-amylase, thus amylopectin is less 
fully degraded than amylose, which has far fewer α-(1→6) bonds. This degradation will give limit 
dextrins with high molecular weights which contain all of the branch linkages of the original 
amylopectin molecules at the non-reducing-ends. 
2.5.2.3 Amyloglucosidase 
Amyloglucosidase (AMG), which can be produced from fungus such as Aspergillus niger and 
Rhizopus oryzae (Coutinho & Reilly, 1997), is an inverting exo-acting starch hydrolase releasing 
β-D-glucose from the non-reducing ends of starch and substrates of related poly- and 
oligosaccharides (Norouzian, Akbarzadeh, Scharer & Young, 2006; Sauer et al., 2000). AMG is able 
to act on both α-(1→4) and α-(1→6) glycosidic linkages, although the enzyme hydrolyzes α-(1→6) 
linkages more slowly (Hiromi, Hamauzu, Takahashi & Ono, 1966; Koshland, 1953; Pazur & Ando, 
1960) as the specific activity towards the α-(1→6) linkage is only 0.2% of that for the α-(1→4) 
linkage (Fierobe, Stoffer, Frandsen & Svensson, 1996; Frandsen et al., 1995; Hiromi, Hamauzu, 
Takahashi & Ono, 1966; Sierks & Svensson, 1994). 
2.5.3. Different factors affect TPS biodegradation 
Controlled biodegradation is a key point for the design of biodegradable materials. Different 
factors affect the biodegradation by influencing the growth of microorganisms and production of 
certain enzymes, as well as the structures of the plastic.  
Environmental factors (Lawrence & William, 2001; Rousk & Bååth, 2007), such as humidity, 
temperature, pH, salinity, the presence or absence of oxygen and the supply of different nutrients, 
strongly influence the microbial population and the activity of the different microorganisms.  
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Other factors affecting the biodegradation of plastics can be the complexity of the plastic 
materials with regard to their structures and compositions (Bikiaris, 2013). Marten et al. (Marten, 
Muller & Deckwer, 2003) concluded that the biodegradation of polymers consisting of one 
homogenous chemical component could be affected by the surface conditions (surface area, 
hydrophilic, and hydrophobic properties), the lower-order structures (chemical structure, molecular 
weight and molecular weight distribution) and the higher-order properties (glass transition 
temperature, melting temperature, modulus of elasticity, crystallinity and crystal structure) of the 
polymer. Factors that affect the enzymatic degradation of native starch are relatively well 
understood, for example, granule size and shape, surface porosity (Dhital, Shrestha & Gidley, 
2010b), amylose content (Shrestha, Ng, Lopez-Rubio, Blazek, Gilbert & Gidley, 2010), presence of 
amylose–lipid complexes (Ai, Hasjim & Jane, 2013; Holm et al., 1983), type and proportion of 
crystalline polymorphic forms (Hasjim, Lavau, Gidley & Gilbert, 2010) all influence starch 
degradation. Native granular starch has structures that are quite different when compared to TPS, 
which is denser and contains degraded molecular, crystalline and granular structures (discussed in 
Section 3.2). Only few studies are related to biodegradation with variations in the structures of TPS 
materials. The only applicable example in the literature is the enzymatic degradation tests carried 
out on pure starch materials with different amylose contents (Witt, Gidley & Gilbert, 2010). These 
results showed that the digestion rate of the starch extrudates decreased with increases in the 
amylose content of the starches. It is essential to discriminate between the influences of the 
structure at different levels on biodegradation and to find out the rate limiting step and/or the 
relative resistance of the various steps on the overall rate process, so as to design and/or control of 
the biodegradation of TPS with regard to a given application.  
 
2.6  Research gaps and thesis motivations 
The results from previous studies for the structure-property relationships in starch films are not 
consistent due to the use of different materials, processing conditions, and testing parameters. By 
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using state-of-art techniques and characterization methods, a consistent study on the influence of 
starch structural changes on the mechanical properties and biodegradability of TPS materials can 
improve our ability to design novel TPS products.  
The study of the multiple physiochemical changes taking place during TPS processing, such as 
gelatinization, degradation and retrogradation have focused mainly on the whole molecular level, 
whereas the crystalline and granular structure have been assumed to be completely lost after 
processing; this assumption will be explored in depth. Although it is well known that the 
combination of shear and thermal treatment leads to molecular breakdown, the causes of the 
changes in crystalline and granule structure and which processing parameters control these changes 
are still unclear.  
Amylose content and crystallinity have been correlated to the mechanical properties of TPS 
materials; however, the significance of each structural parameter on the mechanical properties 
remains to be resolved: for example, the effect of the average molecular weight of starch has not 
been separated from the effect of the amylose content. As the final utility of TPS materials is often 
linked to their biodegradability, further experiments on the influence of starch structural features on 
the biodegradability of films will provide useful information to guide the productions of these 
materials. Together, these experiments and their analysis will allow improved control over structural 
changes during processing in different systems and the final properties of starch-based materials. 
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Chapter 3. Shear degradation of molecular, crystalline, and granular structures of starch 
during extrusion 
3.1  Introduction 
Starch, which is a renewable and biodegradable natural polymer, is the primary candidate for a 
new generation of biopolymers to substitute for some petroleum-based polymers. Extrusion is 
commonly used for processing thermoplastic starch (TPS), providing a stable, continuous process. 
However, extrusion of starch is more complicated than that of synthetic polymers due to the 
complex structure of native starch granules and structural changes during extrusion. In addition, the 
final properties of TPS depend on more than one structural level, such as molecular weight and 
crystallinity. Thus it is important to understand the multi-level structural changes during extrusion 
in order to improve the functional properties of starch materials. 
Starch structure can be categorized into at least five levels (Dona, Pages, Gilbert & Kuchel, 
2011). Linear branches of glucose units formed by α-(1⟶4) glycosidic linkages (Level 1) are 
connected together by α-(1⟶6) glycosidic linkages as branching points to form fully branched 
individual molecules (Level 2), mainly amylose and amylopectin. Amylose is mostly linear with a 
few long branches, whereas amylopectin is highly branched, containing ~5% branching points and a 
vast number of short branches. The external parts of amylopectin branches form clusters of double 
helices, which build up the crystalline lamellae, and internal parts along with the branching points 
(sometimes termed building blocks) are located in the amorphous lamellae (Pérez & Bertoft, 2010; 
Vamadevan, Bertoft & Seetharaman, 2013; Zhu, Bertoft & Seetharaman, 2013). The alternating 
crystalline and amorphous lamellae (Level 3) with an approximately 9–10 nm repeat distance 
(Jenkins, Cameron & Donald, 1993; Witt, Doutch, Gilbert & Gilbert, 2012) collectively form the 
semi-crystalline growth rings (Level 4) in a starch granule (Level 5). Amylose is in either 
amorphous or single helical conformation (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008) and is 
interspersed among amylopectin molecules (Jane, Xu, Radosavljevic & Seib, 1992a). There are 
higher structural levels, including blocklets and superhelices (Pérez & Bertoft, 2010), which are 
excluded in the structural levels examined here. 
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The effects of thermal and mechanical energy on starch molecular, crystalline and granular 
structures (Levels 2, 3 and 5, respectively) in extrusion processing have been investigated 
previously through rheological (Barron, Bouchet, Della Valle, Gallant & Planchot, 2001; Barron, 
Buleon, Colonna & Della Valle, 2000; Barron, Della Valle, Colonna & Vergnes, 2002; Van den 
Einde, Bolsius, Van Soest, Janssen, Van der Goot & Boom, 2004; Zheng & Wang, 1994) and 
tribological simulations (Wang & Zheng, 1995). Starch phase transitions such as gelatinization and 
melting can be caused by shear energy more efficiently than by thermal energy, according to some 
kinetic studies (Wang & Zheng, 1995; Zheng & Wang, 1994). However, those simulations cannot 
fully represent extrusion conditions; thus pressure or elongational viscosity is difficult either to 
simulate or to measure with a rheometer (Vlachopoulos & Strutt, 2003). In addition, it is impossible 
to carry out extrusion with heating only, in the absence of some type of mechanical force. Cold 
extrusion processing, where there is no external heating and frictional force serves as the primary 
source of heat, is not commonly used to process starch materials because the temperature is not high 
enough to gelatinize starch granules to form starch films with a continuous network. Thus, the 
methods used here are designed to separate the effects of each energy type during common 
extrusion processing of starch, using among other methods a statistical treatment of the data.  
During extrusion, whole starch molecular degradation occurs (Level 2), i.e. a decrease in 
molecular weight (Willett, Millard & Jasberg, 1997) or size (Liu, Halley & Gilbert, 2010). The 
phase transition (such as starch gelatinization) under shear and without shear has been studied using 
differential scanning calorimetry (DSC) (Liu et al., 2011), light microscopy (Chen, Yu, Kealy, Chen 
& Li, 2007; Liu et al., 2011) and rheoscopy (Chen, Yu, Kealy, Chen & Li, 2007). However, these 
simulations do not fully represent the starch multi-level structural changes during extrusion 
processing, where limited plasticizer is commonly used during processing. Furthermore, it is not 
well understood how thermal and mechanical energy separately affects starch structures at each 
level. The only examination of this is by Brummer et al. (Brummer, Meuser, Van & Niemann, 2002), 
who investigated the effects of specific mechanical energy (Minekus et al.) and thermal energy 
separately on the changes in starch molecular parameters. It is usually assumed that starch 
crystalline and granular structures are almost completely lost after extrusion processing. 
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In this study, three types of maize starches with amylose contents ranging from 0 – 63% are 
processed from different extrusion processing conditions, varying in temperature setting, screw 
speed and plasticizer content in order to obtain a wide range of structural changes and to analyze 
which source of energy causes which type of change. The structural degradation at granular (Level 
5), crystalline (Level 3) and molecular structures (Levels 1 and 2) are characterized using light 
microscopy, X-ray diffraction (XRD) and size exclusion chromatography (SEC), respectively, and 
then correlated among one another and with the processing parameters and starch processibility 
(torque and SME). By quantitative and independent analysis of the changes at different structural 
levels, a broad view of starch degradation mechanisms during extrusion is obtained. 
3.2  Materials and Methods  
3.2.1. Materials 
Three commercially available maize starches were used: waxy (WMS), normal (NMS) and 
high-amylose maize (HAMS, Gelose 80) starches. NMS was supplied by New Zealand Starch Ltd. 
(Auckland, New Zealand) and the other two starches by National Starch Pty. Ltd. (Lane Cove, NSW, 
Australia). The amylose contents of WMS, NMS and HAMS are 0, 34 and ~63%, respectively, as 
measured in a previous study (Vilaplana, Hasjim & Gilbert, 2012). A mixture of glycerol 
(Chem-Supply Pty. Ltd., Gillman, SA, Australia) and Milli-Q water at a ratio of 2:3 was used as 
plasticizer. 
3.2.2. Starch extrusion and experimental design 
Starch was premixed with the glycerol/water plasticizer, and then allowed to equilibrate in a 
hermetically sealed polyethylene bag for 24 h before extrusion. Starch-plasticizer mixture was 
manually fed into a Haake Polylab co-rotating twin-screw extruder (PTW16P, screw length L: 
diameter D = 25:1 and screw diameter of 16 mm) (Thermo Fisher Scientific, Karlsruhe, Germany) 
equipped with a 3-mm diameter cylindrical die at a constant feed rate of 0.6 kg·h–1. (This feed rate is 
selected from preliminary experiment when the torque values were stable without large variance 
(normal maize starch is used as a model; the plasticizer content is 40%, screw speed is 180 rpm and 
temperature is 130°C).) Temperature setting, screw speed and plasticizer content were varied in a 
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full factorial design (two levels of each factor, Table 3.1), and each experimental trial was 
randomized and performed in duplicate to eliminate any bias. The temperatures of the sequential 
barrel zones in the extruder were 60/90/105/105/105/80 °C and 60/90/120/135/120/80 °C; the 
highest temperatures were used to represent each temperature setting in Table 3.1, i.e. 105 °C and 
135 °C, respectively. The screw speeds were set at 70 and 130 rpm, and plasticizer contents were 30 
and 40 wt. %. The torque value was auto-recorded by Haake Polysoft Monitor software (Thermo 
Fisher Scientific, Karlsruhe, Germany). Die temperature and pressure, which indicate the melt 
condition, are available in the Appendix 1, Table A1.1. Starch extrudates were collected only when 
a steady state (constant motor torque and die pressure readings) was reached. All extrudates were 
immediately frozen in a liquid nitrogen bath and stored in a freezer at –20 °C in order to prevent 
any retrogradation after the extrusion processes. The listed torque value of each processing trial is 
the average of the torque recorded throughout the course of the trial. 
Although residence time has been used to correlate with degradation (Davidson, Paton, Diosady & 
Rubin, 1984), it is not measured here as this effect had been measured in another publication 
(Chaudhary, Miler, Torley, Sopade & Halley, 2008) of our group using the same instrument. This 
showed the residence time (~200 s) is not obviously different among varied screw speeds. Instead of 
using residence time, SME was used to correlated with the molecular degradation, and was 
calculated following the method of (Gropper, Moraru & Kokini, 2002). The specific mechanical 
energy (Minekus et al.) value of each processing trial was calculated as follows (Gropper, Moraru & 
Kokini, 2002): 
 SME (kJ·kg-1) = 
Screw speed (rpm) × Torque (N·m) × 60 
Feed rate (kg·h-1)  (1) 
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Table 3.1. Experimental design and torque and specific mechanical energy during extrusion. a 
No. T P SS WMS NMS HAMS 
(°C) (%) (rpm) Torque SME Torque SME Torque SME 
(N·m) (kJ·kg-1) (N·m) (kJ·kg-1) (N·m) (kJ·kg-1)
1 105 30 70 61.6 ± 2.4 431 60.8 ± 0.8 426 86.2 ± 2.3 603 
2 105 30 130 45.3 ± 3.0 589 44.7 ± 2.3 581 61.6 ± 2.8 801 
3 105 40 70 22.0 ± 0.6 154 28.4 ± 0.8 199 38.1 ± 2.2 267 
4 105 40 130 21.9 ± 0.7 285 26.7 ± 1.2 347 34.5 ± 0.5 449 
5 135 30 70 53.2 ± 2.9 372 49.3 ± 1.3 345 74.5 ± 0.7 522 
6 135 30 130 48.5 ± 2.0 631 45.1 ± 1.0 586 60.7 ± 1.1 789 
7 135 40 70 18.0 ± 0.4 126 25.3 ± 0.7 177 36.5 ± 1.4 256 
8 135 40 130 17.3 ± 0.7 392 24.0 ± 0.6 545 33.0 ± 0.6 749 
a T = processing temperature (the highest temperature to represent the temperature setting), P = 
plasticizer content (based on the total weight of starch mixture), SS = screw speed, and SME = 
specific mechanical energy. Numbers in the brackets are means ± standard deviation. 
 
3.2.3. Dissolution and debranching of starch molecules 
For the characterization of whole (fully branched) starch molecules (Level 2), native starch 
granules or extrudate (2 mg) was dissolved in 1 mL dimethylsulfoxide (DMSO; GR for analysis 
ACS, Merck & Co, Inc., Kilsyth, VIC, Australia) containing 0.5 wt % LiBr (ReagentPlus, Sigma–
Aldrich, Castle Hill, NSW, Australia) (DMSO/LiBr solution) using a thermomixer (Eppendorf, 
Hamburg, Germany) at 80°C and 350 rpm for 12 h. For the characterization of individual branches 
of starch molecules (Level 1), native starch granules or extrudate (~6 mg) was dissolved in 
DMSO/LiBr solution and then debranched using isoamylase from Pseudomonas sp. (Megazyme 
International, Bray, Co. Wicklow, Ireland) in acetate buffer (pH ~3.5), following the method of 
Hasjim et al. (Hasjim, Lavau, Gidley & Gilbert, 2010). The debranched starch solution was 
neutralized using NaOH (0.1 M) to pH 7, lyophilized in a BenchTop 2K Freeze Dryer (VirTis, 
Gardiner, NY, USA) and finally re-dissolved in DMSO/LiBr solution using a thermomixer at 80 °C 
and 350 rpm overnight. 
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3.2.4. Size-exclusion chromatography  
The weight distributions of the whole (fully branched) and debranched starch molecules (Levels 
2 and 1 structures, respectively) were analyzed in duplicate using SEC (Agilent 1100 series, Agilent 
Technologies, Waldbronn, Germany) equipped with a refractive index detector (Shimadzu RID-10A, 
Shimadzu Corp., Japan). SEC separates molecules based on their hydrodynamic volume (Vh), or the 
corresponding hydrodynamic radius (Rh). The SEC weight distributions, w(log Vh), of debranched 
and whole starch molecules are denoted by wde(log Vh) and wbr(log Vh), respectively; the degree of 
polymerization (Mohammadi Nafchi, Moradpour, Saeidi & Alias) of debranched starch (Level 1) 
and the average hydrodynamic radius (–Rh) of whole starch molecules (Level 2) were calculated 
following the methods set out in detail elsewhere, e.g. Liu et at. (Liu, Halley & Gilbert, 2010) and 
Vilaplana and Gilbert (Vilaplana & Gilbert, 2010b). The Rh
–  and the Rh at each peak/shoulder 
maximum from the SEC weight distribution of whole starch were used to parameterize the Level 2 
structure. The Rh at the maximum of a shoulder was estimated from the first derivative of the SEC 
weight distribution of whole molecules, which was the Rh at the first derivative nearest to zero 
along the shoulder region. 
3.2.5. X-ray diffractometry 
Starch extrudates were ground using a cryogenic mill (Freezer/Mill 6850 SPEX, Metuchen, NJ, 
USA) for 1 min by impact force. The resulting powders were conditioned at 23 °C and 52% relative 
humidity (in a chamber with saturated magnesium nitrate salt solution) for 2 weeks before being 
analyzed using an XRD (D8 Advance X-ray Diffractometer, Bruker, Madison, WI, USA) (40 kV 
and 30 mA) in the 2θ range of 3–40° with a step of 0.02° and a rate of 0.5 s per step. The peak area 
and amorphous area of each diffractogram were identified using PeakFit software (Version 4.12, 
Systat Software, Inc., San Jose, CA, USA). Crystallinity was calculated following a slight 
modification of the method of Lopez-Rubio et al. (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008) 
as follows:  
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3.2.7. Statistical analysis 
Statistical analysis was performed using Minitab 15 (Minitab Inc., State College, PA, USA). The 
effects of processing parameters and their interactions on starch processibility (torque and SME) 
and structural features (such as –Rh and total crystallinity) were determined using the general linear 
model and Tukey’s pairwise comparisons with confidence level at 95.0% with ANOVA. Pearson 
correlation analysis was also conducted among the structural features with a confidence level at 
95.0%.  
3.3  Results and Discussion 
3.3.1. Specific mechanical energy and torque 
In this study, starch extrudates with different degrees of degradation at multiple structural levels 
were produced by varying the processing conditions (temperature setting, screw speed and 
plasticizer content). Torque and SME have been widely used to parameterize extrusion trials, where 
the former one is a sensitive indicator of viscosity change during an extrusion process (Garber, 
Hsieh & Huff, 1997). Plasticizer content shows significant effects on the torque and SME values, 
and screw speed on SME value (Table 3.2). Higher plasticizer content increases the flexibility of 
starch molecules, producing melt with lower viscosity that requires less mechanical energy for 
processing. Higher screw speed can cause more degradation on the starch, and the degraded starch 
also has lower viscosity. The degradation of starch during extrusion processing will be discussed in 
the following sections on structure characterization. In the present study, extrusion temperature does 
not show significant effects on the torque and SME. Similarly, there are no significant effects from 
the interactions among the three processing parameters on the torque and SME values. 
HAMS exhibited higher torque and SME values than WMS and NMS under the same processing 
conditions (Table 3.1), which is similar to that reported in a previous study (Li et al., 2011), 
probably due to the higher gelatinization temperature of starch (Appendix Table A1.2, (Liu, Yu, Xie 
& Chen, 2006)) and higher viscosity of starch melt with higher amylose content (Xie et al., 2009).  
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Table 3.2. F-values of the processing parameters effects on the torque and SMEa 
Torque SME 
Temperature 0.89 
NS  0.61 
NS 
Screw speed 3.39 
NS 21.64 * 
Plasticizer content  55.21 * 55.93 * 
Temperature * Plasticizer content 0.05 
NS  0.00 
NS 
Plasticizer content * Screw speed 1.96 
NS  0.78 
NS 
Temperature * Screw speed 0.49 
NS  0.20 
NS 
Temperature * Plasticizer content* Screw speed 0.49 
NS 0.45 
NS 
a NS = not significant. Significant effects at p < 0.01 are represented by *.  
3.3.2. Size-exclusion chromatography 
For each type of starch, the SEC weight distributions of debranched and whole starch molecules 
(Levels 1 and 2) were normalized to yield the same height of the highest peak (the normalization of 
any distribution is arbitrary and can be chosen for convenience) and are presented in Figures 3.2 
and 3.3, respectively. Although there is some shear scission (Cave, Seabrook, Gidley & Gilbert, 
2009; Gidley et al., 2010) of the large molecules such as amylopectin, the results can still be 
compared as all samples were measured in a similar manner in a given set-up.  
Typical SEC weight distributions of debranched starch (Level 1) are observed with a bimodal 
peak associated with amylopectin branches (DP X < 100) and a broader bimodal peak associated 
with amylose branches (DP X > 100) (Hasjim, Lavau, Gidley & Gilbert, 2010; Tran, Shelat, Tang, 
Li, Gilbert & Hasjim, 2011). There are no qualitative differences in the SEC weight distributions of 
debranched starch among each native starch and its corresponding extrudates obtained from 
different processing conditions, similar to that reported in a previous study (Liu, Halley & Gilbert, 
2010). The results indicate that glycosidic bonds near or at the branching points, sometimes termed 
building blocks (Pérez & Bertoft, 2010; Zhu, Bertoft & Seetharaman, 2013), of amylopectin 
molecules are susceptible to shear degradation during extrusion processing. However, there is not 
enough information from the present study to make a definite conclusion that any particular 
glycosidic bonds are more susceptible to shear degradation during an extrusion process than others. 
Furthermore, a large reduction in the whole starch molecular size can occur with the cleavage of 
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only a few amylopectin branches (a detailed explanation is available in the Appendix 1). 
The Rh
–  value and the Rh value at main peak maximum (Table 3.3) were determined from the 
SEC weight distributions of whole starch molecules (Level 2) to quantify the molecular degradation 
by extrusion processing. The Rh
–  values of WMS and NMS became smaller after extrusion 
compared with their native counterparts, whereas it did not change significantly for HAMS after 
extrusion, which is due to the large amount of intact amylose molecules in the HAMS extrudates 
(Figure 3.3C). After extrusion, the Rh value at main peak maximum of WMS (or amylopectin) 
appears at lower values (39 – 148 nm) compared to that of the native WMS (413 nm), whereas that 
of amylose remains similar after extrusion (clearly seen from native and extruded HAMS). In 
addition, amylose content shows significant effects on both Rh
–  value and the Rh value at main peak 
maximum (Table 3.4). The results indicate that amylopectin molecules were more degraded, while 
amylose molecules were less affected during extrusion processing, and a maximum stable size can 
be identified after extrusion, as reported in a previous study (Liu, Halley & Gilbert, 2010). For 
degraded amylopectin molecules, the smallest Rh values at the peak maximum (~50 nm) are similar 
for all three types of starches. There was no further size reduction of amylopectin molecules that 
had been degraded to this molecular size during extrusion processing, which can be viewed as the 
maximum stable size for starch after extrusion. A similar phenomenon of the maximum stable size 
has been observed when starch is separated using SEC (Cave, Seabrook, Gidley & Gilbert, 2009), 
dry ground using a hammer mill (Tran, Shelat, Tang, Li, Gilbert & Hasjim, 2011) and shear 
degradation of droplets in emulsions (Cristini, Guido, Alfani, Bławzdziewicz & Loewenberg, 2003). 
On the other hand, the amylose molecules, having an Rh ~ 10 nm at the peak maximum in the SEC 
weight distributions of whole molecules from native and extruded HAMS (Figure 3.3C), are smaller 
than the maximum stable size, and thus suffer less shear degradation. 
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Figure 3.2. SEC weight distributions of debranched native starch and starch extrudates (Level 1) 
from (A) WMS, (B) NMS, and (C) HAMS. N is native starch and the numbers represent the 
processing conditions following the experimental design in Table 3.1.   
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Figure 3.3. SEC weight distributions of whole (fully branched) native starch and starch extrudates 
(Level 2) from (A) WMS, (B) NMS, and (C) HAMS. N is native starch and the numbers represent 
the processing conditions following the experimental design in Table 3.1. 
 
The Rh values at the maximum of main peak (and smaller peak or shoulder if present) in the SEC 
weight distributions of whole starch molecules from the extrudates of each type of starch are similar 
when the starch was processed with the same plasticizer content. Among the three processing 
conditions, only plasticizer content shows significant effects on the Rh values at main peak 
maximum, whereas the Rh
–  value is not significantly affected by the processing conditions (Table 
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3.4). On the other hand, both Rh
–  value and the Rh value at main peak maximum are significantly 
affected by torque and SME (Table 3.5), indicating the mechanical energy of extrusion process 
degrades starch molecules. In addition, the smaller peak or shoulder with peak maximum at Rh ~400 
nm, associated with intact (undegraded) amylopectin molecules, can still be observed in some 
extrudates, especially those processed with 30% plasticizer. The origin of this is explained later with 
other structural characterization results.   
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Table 3.3. Structural attributes of starch extrudates from different processing conditions.  
Processing 
conditions a 
–Rh (nm) 
Rh (nm) at peak maximum Crystallinity (%) 
(Relative change on 
Crystallinity (%)) 
V-type 
crystallinity
(%) 
Main peak Smaller 
peak/shoulder b 
WMS  
Native 148 ± 16.3 413 ± 4.4 ~35 (shoulder) 45.1 - c 
1 55.1 ± 0.1 47.3 ± 0.4 359 ± 13 27.9 (38.1 d)  - 
2 38.4 ± 1.3 38.6 ± 0.4 286 ± 20 28.4 (37.0) - 
3 85.7 ± 0.2 164 ± 1.4 - 31.5 (30.2) - 
4 88.8 ± 1.7 96.3 ± 0.6 ~277 (shoulder) 32.6 (27.7) - 
5 58.7 ± 1.3 48.1 ± 0.6 247 ± 7 23.8 (47.2) - 
6 41.4 ± 0.2 39.4 ± 0.5 251 ± 10 23.2 (48.6) - 
7 99.1 ± 2.4 148 ± 0.9 - 27.0 (40.1) - 
8 96.7 ± 4.5 140 ± 1.2 - 19.4 (57.0) - 
NMS  
Native 49.4 ± 4.1 311 ± 3.4 30.5 ± 0.6 39.5 trace 
1 31.8 ± 1.1 56.7 ± 1.1 ~290 (shoulder) 17.7 (55.2) 4.0 
2 30.9 ± 0.2 64.7 ± 1.0 - 11.2 (71.6) 4.6 
3 42.5 ± 0.2 144 ± 1.9 18.9 (shoulder) 23.5 (40.5) 5.6 
4 39.5 ± 0.0 130 ± 1.3 ~19 (shoulder) 12.5 (68.4) 4.2 
5 30.9 ± 1.5 49.9 ± 0.5 - 15.2 (61.5) 6.1 
6 30.5 ± 0.3 52.8 ± 0.6 - 13.1 (66.8) 6.1 
7 47.7 ± 1.4 147 ± 1.7 ~19 (shoulder) 15.6 (60.5) 4.8 
8 43.1 ± 2.8 125 ± 1.6 ~19 (shoulder) 13.3 (66.3) 6.0 
HAMS  
Native 9.7 ± 0.1 10.9 ± 0.1 264 ± 8 32.2 trace 
1 9.4 ± 0.4 10.9 ± 0.1 53.8 (shoulder) 19.1 (40.8) 7.0 
2 9.9 ± 1.5 10.9 ± 0.1 51.2 (shoulder) 18.8 (41.7) 6.4 
3 9.3 ± 1.1 11.0 ± 0.2 106 (shoulder) 19.6 (39.8) 5.6 
4 10.1 ± 0.1 10.7 ± 0.1 101 (shoulder) 20.3 (37.1) 6.8 
5 9.3 ± 1.1 10.9 ± 0.1 53.6 (shoulder) 17.6 (45.4) 7.0 
6 8.5 ± 0.4 11.2 ± 0.2 53.8 (shoulder) 22 (31.8) 8.1 
7 9.0 ± 0.6 10.5 ± 0.1 103 (shoulder) 22.7 (29.6) 5.9 
8 9.4 ± 1.6 10.8 ± 0.1 103 (shoulder) 19.6 (39.2) 5.2 
a The processing conditions are based on the experimental design in Table 3.1. 
b The estimate of the Rh at the middle of a shoulder was obtained by using the first derivative of 
SEC weight distribution at the point nearest to zero, with a standard deviation of 2%. 
c Not detected 
d Relative change on Crystallinity (%), which is calculated by (Crystallinity extrudate – Crystallinity 
native)/ Crystallinity native 
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Table 3.4. F-values of the processing parameters and amylose content effect on the starch molecular 
and crystalline structural features. a 
 
Rh at main peak 
maximum 
–Rh 
Total 
crystallinity 
V-type 
crystallinity 
Temperature 0.00 NS 0.05 NS 1.14 NS 1.30 NS 
Screw speed 0.18 NS 0.08 NS 0.86 NS 0.09 NS 
Plasticizer content  8.93 ** 2.68 NS 0.45 NS 1.41 NS 
Amylose content 11.4 ** 33.8 ** 21.2 ** 4.5 NS 
a NS = not significant. Significant effects at p < 0.05 and 0.01 are represented by * and **, 
respectively.  
 
3.3.3. X-ray diffractometry  
The crystalline structures (Level 3) of native starch granule samples and their extrudates were 
observed using XRD, and the diffractograms are shown in Figure 3.4. Native WMS and NMS 
granules show the A-type crystalline pattern in the X-ray diffractograms, whereas native HAMS 
shows the B-type crystalline pattern. It is commonly believed that the native crystalline structure of 
starch is greatly disrupted after extrusion, forming highly amorphous structure, and the crystalline 
structure only reforms during aging or storage (retrogradation) (Hasjim & Jane, 2009; van Soest, 
Hulleman, de Wit & Vliegenthart, 1996b); however, a substantial amount of crystallinity can be 
observed in the extrudates in the present study. Furthermore, the diffractogram patterns of WMS 
and NMS did not change after extrusion, which are still A-type, although the crystalline peaks 
became less pronounced and the intensity of the peaks (such as those at 2θ of 17 and 18°) varied 
among the native starch and its extrudates. Similarly, all HAMS extrudates show the B-type 
crystalline pattern after extrusion, which may be from the residual granules or retrograded 
amylopectin. Further DSC results (shown in Appendix 1) suggest that most of the crystalline 
structure in the extrudates originates from native crystalline structure, instead of that formed during 
retrogradation; this could be attributed to the rapid freezing and drying of the extrudates in the 
present study, reducing the rate of starch retrogradation.  
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Table 3.5. Pearson correlation coefficients (R) among processibility and structure parameters. a 
 
Torque SME 
Total 
crystallinity 
V-type 
crystallinity 
–Rh 
SME 0.722**  
Total crystallinity -0.149 -0.221  
V-type crystallinity 0.483 0.518** 0.442  
–Rh -0.595** -0.592** 0.479* -0.595*  
Rh at main peak maximum -0.718** -0.694** 0.103 -0.540* 0.789**
a Significant correlations at p < 0.05 and 0.01 are represented by * and **, respectively.  
 
The X-ray diffractograms of native and extruded NMS and HAMS also show V-type crystalline 
peaks at 2θ of around 13 and 20°, although the peak at 2θ of around 13° is not observed in the 
X-ray diffractograms of native NMS and HAMS granules (Figure 3.4). The V-type crystalline 
structure is originated from single helical amylose, such as amylose-lipid complexes (Hasjim & 
Jane, 2009; Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008; van Soest, Hulleman, de Wit & 
Vliegenthart, 1996b). Because WMS essentially contains only amylopectin, the V-type crystalline 
structure is not detected in the native and extruded WMS.  
Starch crystallinity is not significantly affected by processing temperature, screw speed, or 
plasticizer content (Table 3.4) or SME (Table 3.5), which has been reported that can affect the 
crystallinity (Hulleman, Kalisvaart, Janssen, Feil & Vliegenthart, 1999; Smits, Hulleman, Van, Feil 
& Vliegenthart, 1999). This might be due to only two levels of each processing parameter having 
been used in this study, which was not severe enough to bring any statistical difference. However, 
the crystallinity is significantly different for starches with different amylose contents. WMS and 
NMS show greater decreases in the crystallinity after extrusion (20 – 57% and 40 – 72%, 
respectively) than HAMS (30 – 45%) (Table 3.3), due to the higher content of amylopectin in WMS 
and NMS granules, which is more easily degraded under the same processing conditions. WMS, 
containing essentially only amylopectin, has the highest crystallinity both in native and extruded 
forms compared with native and extruded NMS and HAMS (Table 3.3) although amylopectin is 
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more susceptible to shear degradation during extrusion processing than amylose. In addition, as 
amylose is in amorphous state in native starch granules, its presence reduces starch crystallinity.  
There is a positive correlation between V-type crystallinity and SME (Table 3.5); however, the 
V-type crystallinity is not significantly affected by processing temperature, screw speed and 
plasticizer content (Table 3.4). The results suggest that the increase in the V-type crystallinity might 
be more related to the ability of amylose molecules to diffuse out of the granules (amylose leaching) 
and to interact with lipids to form amylose-lipid complexes, an effect which was increased with 
higher SME. 
3.3.4. Light microscopy 
The morphology of native starch granules and starch granules in extrudates (Level 5) was 
observed using a light microscope in bright field mode, and the birefringence of the starch granules 
was observed in polarized light mode (Figure 3.5). Granular structure was visible in the extrudates 
from all three starches with some degree of birefringence in the form of Maltese crosses, especially 
the HAMS extrudates, although the brightness of the Maltese crosses in the extrudates was at a 
lower intensity than that in the native starch granules. The Maltese crosses are related to the native 
starch crystalline structure (Level 3), whereas retrograded extruded starch shows birefringence 
without the Maltese cross pattern (Shrestha, Ng, Lopez-Rubio, Blazek, Gilbert & Gidley, 2010). 
Hence the presence of starch granules with the Maltese crosses in the extrudates indicates that all 
three starches were not completely gelatinized by extrusion processing, which confirms the 
presence of intact amylopectin molecules in the SEC weight distributions of whole starch molecules 
(Level 2, Figure 3.3) and the unchanged crystalline pattern in all the three types of starches (Level 3, 
Figure 3.4) after extrusion. Some granules in the extrudates are more swollen and expanded than 
their native starch granule counterpart, and some have been fragmented into smaller particles. There 
are fewer numbers of starch granules and weaker Maltese cross patterns in the WMS and NMS 
extrudates than in the HAMS extrudates, which can be explained by the higher gelatinization 
temperature of HAMS (Appendix Table A1.2, (Liu, Yu, Xie & Chen, 2006)).  
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3.4) and the presence of starch granules with Maltese Crosses (Level 5, Figure 3.5). Thermal 
degradation of starch might be limited during extrusion processing. To differentiate between the 
loss of starch crystalline structure by thermal energy and by mechanical energy, former one is 
termed thermal gelatinization in this paper.  
Thermal energy may cause some degradation; however, it is insignificant to explain the changes 
at different starch structural levels. Starch gelatinization takes place during extrusion with higher 
temperature and lower plasticizer content, which involves the swelling of starch granules, the 
unwinding of double helices and the leaching of starch molecules (Tester & Morrison, 1990). Thus 
the crystallinity should be lower for starch processed under higher temperature. However, the 
crystallinity of starch extrudate is not significantly affected by processing temperature and 
plasticizer content as well as their interactions (Table 3.4), implying that the loss of starch 
crystalline structure during extrusion processing was not caused by thermal gelatinization alone. 
This is contrary to the conclusions from past studies (van Soest, Hulleman, de Wit & Vliegenthart, 
1996b) stating that the decrease in starch crystallinity (Level 3) during extrusion processing was 
explained as the result of starch gelatinization caused by the thermal energy facilitated by shearing. 
Furthermore, processing temperature does not have significant effects on –Rh value and the Rh at 
main peak maximum (Level 2) of the starch extrudates (Table 3.4). The processing temperature is 
also well below the decomposition temperature of starch molecules (Liu et al., 2013). Thus the 
thermal depolymerization during extrusion processing can be assumed to be minimal in the present 
study. 
3.3.6. Changes in starch structures caused by mechanical force during extrusion 
The degradation of starch structures, especially the molecular structure (Level 2, Figure 3.3 and 
Table 3.3), in the present study is evidently caused by mechanical energy. The shear degradation of 
starch molecules (indicated by lower Rh at main peak maximum) is more pronounced at lower 
plasticizer content (Tables 3.3 and 3.4) because of greater mechanical energy (or SME), which is 
similar to that reported by McPherson and Jane (McPherson & Jane, 2000). The correlations among 
the Rh at main peak maximum, the –Rh of whole starch molecules and starch processibility (torque 
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and SME values) (Table 3.5) are significant. Two peaks, associated with the populations of 
degraded and intact amylopectin molecules with the Rh values at peak maxima of ~ 50 and 350 nm, 
respectively, can be observed in the SEC weight distributions of whole molecules from WMS 
extruded at 30% plasticizer (Figure 3.3A), showing that the degradation of starch molecules is not 
uniform. It is possible that the molecules in the inner part of granule fragments are still intact, 
whereas those at the surface of the fragments, where the cracking of starch granules has occurred, 
are more likely to be shear-degraded (Stark & Yin, 1986). In contrast, the molecular degradation of 
WMS extruded at 40% plasticizer is more uniform, showing mainly one peak in the SEC weight 
distributions of whole starch molecules, which is probably caused by the higher degree of thermal 
gelatinization at higher plasticizer content, reducing the location effects of starch molecules in 
granule fragments. 
Mechanical energy caused starch structural changes at molecular, crystalline and granular levels 
(Level 2, 3 and 5, respectively) during extrusion processing are similar to that during dry grinding at 
cryogenic temperature, which involves only mechanical energy with thermal energy being minimal 
(Dhital, Shrestha, Flanagan, Hasjim & Gidley, 2011; Dhital, Shrestha & Gidley, 2010a; Tran, Shelat, 
Tang, Li, Gilbert & Hasjim, 2011). As observed from the present study (Figure 3.3), the dry 
grinding of starch granules at cryogenic temperature also degrades mostly amylopectin molecules, 
whereas amylose molecules are less or not degraded (Dhital, Shrestha, Flanagan, Hasjim & Gidley, 
2011). Furthermore, WMS and NMS, which have higher amylopectin contents, suffer greater 
reduction in their whole molecular size and crystallinity after extrusion than HAMS (Table 3.3). 
The results suggest that the rigid crystallites of amylopectin are more susceptible to shear 
degradation, while amylose molecules having flexible amorphous structure and much smaller whole 
molecular size are less degraded. The mechanical degradation at granular level (Level 5), such as 
that from dry grinding of starch granules at cryogenic milling where thermal energy is minimal 
(Dhital, Shrestha & Gidley, 2010a), results in smaller fragments of starch granules (also termed 
starch damage)  (Hasjim, Li & Dhital, 2012). The light microscopy images (Figure 3.5) that there 
are a larger number of smaller granule fragments compared with swollen granules within the 
extrudates from all three types of starches. Thus the degradation of starch during extrusion 
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processing is mainly contributed by mechanical energy rather than thermal energy.  
3.4  Conclusions 
Extrusion resulted in starch structural degradation at multiple levels, viz., whole molecular 
(Level 2), crystalline (Level 3) and granular structures (Level 5). The effects of thermal and 
mechanical energy during extrusion on different starch structures are able to be separated. The 
(branch) chain length distribution is not affected by either thermal or mechanical energy. The 
degradation of amylopectin molecules (Level 2) is mainly due to the mechanical shear, which also 
shows the dominant role in decreasing the crystallinity (Level 3) and fragmenting starch granules 
(Level 5). Although thermal energy has potential to gelatinize starch, which can partly contribute to 
the loss of starch crystalline and granular structures (Level 3 and 5, respectively), it does not 
significantly change starch structure at molecular level. The greater degradation of amylopectin 
molecules compared to amylose (Level 2) can be explained as the rigid crystallites of amylopectin 
in starch granules are more susceptible to mechanical or shear degradation than the flexible, 
amorphous amylose molecules. The degradation mechanism of starch during extrusion processing 
inferred from the present study, which is similar to that of dry grinding of starch granules at 
cryogenic temperature, can be useful in producing TPS with required structures at different levels to 
produce materials with desirable properties. 
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Chapter 4. The dominant structural feature controlling mechanical properties of starch 
films: molecular or crystalline? 
4.1  Introduction 
Replacing non-biodegradable conventional synthetic plastics with renewable, biodegradable 
alternatives has become more and more desirable, as petroleum-based plastics are non-renewable 
and degrade slowly in the environment. One potential replacement is the class of thermoplastic 
starch (TPS) materials. Some successful TPS products are already available in the market; however, 
their applications are limited because of the poor mechanical properties and moisture resistance. To 
improve the properties of TPS, it is important to understand better the influences on properties of 
starch structural changes brought about by processing.  
Native starch granules are composed of mainly two glucose macromolecules, amylose and 
amylopectin. Amylose is mostly linear with long branches and has a molecular weight of ~ 105–106; 
it is present either in amorphous or in a single helical conformations in native starch granules (Jane, 
Xu, Radosavljevic & Seib, 1992b; Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008). Amylopectin is 
highly branched and has a molecular weight of ~ 107–109. The branches of amylopectin are 
arranged into clusters of double helices that aggregate into crystallites in native starch granules, 
while the branching points are located in amorphous regions; together they form the 
crystalline-amorphous lamellae (Pérez & Bertoft, 2010; Vamadevan, Bertoft & Seetharaman, 2013; 
Zhu, Bertoft & Seetharaman, 2013) and subsequently the growth rings.  
Improving the mechanical properties of TPS, such as increasing tensile strength and Young’s 
modulus or decreasing the elongation at break, has been achieved by increasing starch crystallinity 
with aging (Shogren & Jasberg, 1994; van Soest, Hulleman, de Wit & Vliegenthart, 1996a). In 
addition, high amylose starch is more favourable to TPS mechanical properties for material 
applications (Li et al., 2011; Lourdin, Della Valle & Colonna, 1995). By producing starch materials 
from acid hydrolyzed starch, van Soest et al. (van Soest, Benes, de Wit & Vliegenthart, 1996) found 
that the tensile strength of TPS was not affected by molecular weight, but the elongation at break 
and tearing energy were higher for starch materials with higher molecular weight. However, it is 
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difficult to separate the effects of molecular weight on the mechanical properties of TPS films from 
those of the amylose content (Walenta, Fink, Weigel & Ganster, 2001) and of starch retrogradation 
(van Soest, Benes & De Wit, 1995). Inconsistent conclusions can be found on the relationship 
between starch molecular weight and the mechanical properties of TPS from different studies in the 
literature (Lloyd & Kirst, 1963; van Soest, Benes, de Wit & Vliegenthart, 1996; Walenta, Fink, 
Weigel & Ganster, 2001), partly due to different testing conditions and techniques, such as aging 
time before mechanical testing.  
In the present study, the molecular and crystalline structural changes induced by processing are 
correlated to the mechanical properties in order to obtain a more precise correlation, as distinct from 
previous studies (van Soest, Benes & De Wit, 1995; van Soest, Benes, de Wit & Vliegenthart, 1996) 
correlating the acid hydrolyzed starch structures with mechanical properties, which may be further 
degraded by processing. Extrusion brings multi-level starch structural changes, including 
degradation of large amylopectin molecules and disruption of crystalline and granular structures (Li, 
Hasjim, Xie, Halley & Gilbert, 2014; Liu, Halley & Gilbert, 2010), and a higher degree of 
crystallinity is brought by retrogradation. Previous studies often involve changing of molecular 
structure by acid (van Soest, Benes, de Wit & Vliegenthart, 1996) or enzyme hydrolysis (Walenta, 
Fink, Weigel & Ganster, 2001) prior to starch processing. However, these hydrolysis procedures 
bring significant molecular degradation: acid can hydrolyze both amylose and amylopectin in the 
amorphous regions and enzyme randomly acts along starch chains. Such changes may be different 
from the molecular degradation induced by extrusion.  
In this study, waxy, normal, and high-amylose maize starches (WMS, NMS, and HAMS, 
respectively) were used as samples providing a variation in the amylose content. Starch extrudates 
prepared from Chapter 3 with variations in the molecular and crystalline structures, while 
maintaining the same amylose content, were used. The crystalline structure was further altered by 
hydrothermal treatment (HTT). Size-exclusion chromatograph (SEC), X-ray diffractometry (XRD), 
and scanning electron microscope (SEM) were used to investigate the changes in starch molecular, 
crystalline, and film surface structures, respectively, after compression molding, aging and HTT.  
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4.2  Materials and Methods 
4.2.1. Materials 
WMS and HAMS (Gelose 80) were obtained from National Starch Pty. Ltd. (now Ingredion, 
Lane Cove, NSW, Australia), and NMS was supplied by New Zealand Starch Ltd. (Auckland, New 
Zealand). The amylose contents of WMS, NMS, and HAMS starches are 0, 28 and 63%, 
respectively, as measured in a previous study (Vilaplana, Hasjim & Gilbert, 2012). Starch 
extrudates used were those prepared in Chapter 3, where glycerol and water with a ratio of 2:3 were 
used as plasticizer, and the extrudate strands were cut using S. F. Scheer pelletizer (Model SGS25 
E4, Reduction Engineering, Inc., Kent, OH, USA). The extrusion processing conditions 
(temperature, screw speed, and plasticizer content) and the average hydrodynamic radius –Rh 
(analyzed in Chapter 3 are shown in Table 4.1. The post-extrusion treatments and characterization 
techniques applied to the starch extrudates are summarized in Table 4.2. 
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Table 4.1. Processing conditions and starch structure information of starch extrudates a  
Starch extrudate T P SS –Rh (nm) c 
Crystallinity d 
(°C) (%) b (rpm) (%) 
WMS-1 105 30 70 55.1 18.5 
WMS-2 105 30 130 38.4 9.03 
WMS-3 105 40 70 85.7 22.2 
WMS-4 105 40 130 88.8 20.2 
WMS-5 135 30 70 58.7 17.1 
WMS-6 135 30 130 41.4 17.7 
WMS-7 135 40 70 99.1 9.58 
WMS-8 135 40 130 96.7 11.2 
NMS-2 105 30 130 31.0 10.3 
NMS-4 105 40 130 40.0 12.7 
NMS-6 135 30 130 30.0 13.9 
NMS-7 135 40 70 48.0 11.4 
HAMS-1 105 30 70 9.4 6.39 
HAMS-2 105 30 130 9.9 7.36 
HAMS-3 105 40 70 9.3 9.48 
HAMS-4 105 40 130 10.1 9.18 
HAMS-5 135 30 70 9.3 8.72 
HAMS-6 135 30 130 8.5 9.33 
HAMS-7 135 40 70 9.0 9.04 
HAMS-8 135 40 130 9.4 9.99 
a Extrudates are the same as obtained in Chapter 3 
b Plasticizer content is the amount of plasticizer used in extrusion, which is used to describe 
different films, whereas the aged films with same plasticizer content may lose similar amount of 
moisture during storage 
c –Rh, average hydrodynamic radius. 
d The degree of crystallinity from compression molded starch materials after being stored at 54% 
relative humidity for 2 weeks 
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Table 4.2. Treatments and characterization methods for different thermoplastic starch extrudates. 
a The processing conditions of the extrudates are listed in Table 4.1 
 
4.2.2. Compression molding  
WMS, NMS, and HAMS pellets were compression-molded into starch films using a lab 
compression molding (CM) machine. CM was carried out at 100 °C for WMS and NMS and at 
130 °C for HAMS respectively, with a pressure of 7.5 MPa for 5 min, as WMS, NMS can be 
compression-molded into homogeneous films at a low temperature, while HAMS can only form 
into films at 130 °C. The resulting films were quench-cooled using a water cooling system to 35 °C 
before they were removed. Polytetrafluoroethylene films (Dotmar EPP Pty. Ltd., Acacia Ridge, 
QLD, Australia) were used during CM as release agents.  
4.2.3. Water sorption  
Representative films of WMS and HAMS were dried in a BenchTop 2K freeze dryer (VirTis, 
Gardiner, NY, USA) overnight, and then kept in humidity chambers at 33, 54, and 75% relative 
humidity (RH, which were achieved using MgCl2, Mg(NO3)2, and NaCl solutions, respectively 
(Ferreira, Grossmann, Mali, Yamashita & Cardoso, 2009)), for 2, 4, 17.5, 21, and 112.5 hours. The 
moisture content, Mt, at time t, as the result of moisture absorption, was calculated as follows: 
Mt (%) = 
wt - wo
wo  × 100%  [3] 
Here wo and wt are the weight after freeze drying prior to storage and that after storing in 
humidity chambers for time t, respectively.  
Treatment Extrudates a Characterization 
Untreated pellet WMS-5 and HAMS-5 SEM, SEC 
CM WMS-5 and HAMS-5 SEM, SEC 
CM and conditioning at 33, 54, and 
75% RH WMS-5, HAMS-5 Water absorption 
CM and conditioning at 54% RH All of WMS, NMS, and HAMS Tensile test 
CM, HTT, and conditioning at 54% 
RH NMS-2, -4, -6, and -7 Tensile test, XRD, DSC 
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4.2.4. Hydrothermal treatment 
NMS films and tensile dumbbell specimens were placed on petri dishes covered with cellulose 
filter papers, and then kept in an oven at 105 °C for three days (the RH in the oven was assumed to 
be 100%). Beakers with water were also placed in the oven to supply the moisture for HTT. After 
the HTT, the materials were slowly cooled in the oven for an additional 2 hours with the presence of 
moisture to prevent breakage due to the rapid drying of the films at ambient humidity, which would 
result in brittleness. The moisture contents of starch films before and after HTT were determined 
from weight difference after being dried in the oven at 105 °C overnight. 
4.2.5. Size-exclusion chromatography 
WMS and HAMS extrudates and their CM films were molecularly dissolved in dimethyl 
sulfoxide (DMSO; GR for analysis ACS, Merck & Co, Inc., Kilsyth, VIC, Australia) containing 0.5% 
wt LiBr (ReagentPlus, Sigma–Aldrich Pty. Ltd., Castle Hill, NSW, Australia) (DMSO/LiBr solution) 
to yield a final concentration of 1 mg/mL, and analyzed in duplicate using an SEC system (Agilent 
1100 series, Agilent Technologies, Waldbronn, Germany) equipped with a refractive index detector 
(RID-10A, Shimadzu, Kyoto, Japan), following the method described elsewhere 3.2.4. Since SEC 
separates molecules based on size (hydrodynamic volume, Vh, or the corresponding hydrodynamic 
radius, Rh), the results are presented as SEC distributions of starch molecules, denoted by w(logVh) 
(Cave, Seabrook, Gidley & Gilbert, 2009).  
4.2.6. X-ray diffractrometry  
Representative WMS, NMS and HAMS films were stored in humidity chambers at 54% RH for 
different days at room temperature (23 °C) before the XRD measurements, while the NMS films 
with and without HTT were stored in the same humidity chamber for 14 days. The crystalline 
structure of stored starch films was analyzed using a D8 Advance X-ray diffractometer (Bruker, 
Madison, WI, USA), where diffractograms were recorded over an angular range (2θ) of 3–40°, with 
a step size of 0.02°, and a rate of 0.5 s per step. The radiation parameters were set at 40 kV and 30 
mA. The degree of crystallinity was calculated following the method of Chapter 3 using PeakFit 
software (Version 4.12 Systat Software, Inc., San Jose, CA, USA):  
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Crystallinity (%) = 

i=1
n
Aci
At  × 100%  [4] 
where Aci is the area under each crystalline peak with index i, and At is the total area (amorphous 
background and crystalline peaks) under the diffractogram. Each sample was only analyzed once; 
the standard deviation (Liu, Ramsden & Corke) of XRD results is within 1-3% as reported in a 
previous study (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008). 
4.2.7. Scanning electron microscopy 
Starch pellets (before CM) and starch films (after CM) were manually fractured after being 
frozen in liquid nitrogen. The fragments of each sample were placed onto a specimen stub with 
double-sided carbon tape, and then coated with a thin layer of gold using a sputter coater 
(SPI-MODULE™, SPI Supplies, West Chester, PA, USA). The surface and inner structures of starch 
pellet and film samples were examined using a scanning electron microscope (SEM, Philips XL30, 
Eindoven, Netherlands) with an accelerating voltage of 3 kV and a spot size of 6 nm. 
4.2.8. Tensile mechanical analysis 
Dumbbell specimens were cut from starch films (including those after HTT) according to ASTM 
D638-03 standards (Australian Standard AS 1683:11); the specimens were 12 mm in length and 2 
mm in width, and the thickness of each specimen (0.5 ±0.07 mm) was measured prior to tensile 
tests. The dumbbell specimens were then conditioned for 14 days at 33, 54, and 75% RH. Each 
dumbbell specimen was loaded on an Instron® 5543 universal testing machine (Instron Pty. Ltd., 
Melbourne, VIC, Australia) with a constant strain rate of 5 mm·min-1. Tensile strength, Young’s 
modulus, and elongation at break were determined using BlueHill software (Instron Ltd., Norwood, 
OH, USA), following the method of van Soest et al. (van Soest, Benes, de Wit & Vliegenthart, 
1996). Tensile results of each sample were averaged from at least five measurements.  
4.2.9. Statistical analysis 
Pearson’s correlation analysis was performed using Minitab 16 (Minitab Inc., State College, PA, 
USA) to analyze any correlations between starch structural features (such as amylose content, –Rh, 
and degree of crystallinity) and the tensile mechanical properties of the resulting films with a 
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confidence level of 95.0%. A t-test with a confidence level at 95.0% was also applied to compare 
the water absorption profiles among different starch films stored at different RH. ANOVA with 
Tukey’s pairwise comparison was applied to compare the tensile mechanical properties of different 
starch films. 
 
4.3  Results 
4.3.1. Starch structure 
4.3.1.1 Effect of compression molding on the starch structure  
Starch extrudates from various extrusion conditions (Table 4.1) were obtained from a previous 
study (Chapter3) with different degrees of degradation on the molecular, crystalline and granular 
structures. Compression molding is used here to obtain starch films for the tensile mechanical 
properties test, and the molding condition is fixed as the temperature may affect the mechanical 
properties (Thunwall, Boldizar & Rigdahl, 2006) and film morphology (Van Soest & Borger, 1997). 
In spite of the structural changes from extrusion, the high hydraulic pressure and heat involved in 
CM may cause further degradation on the starch molecular, crystalline and granular structures. Thus, 
the compression temperature and time needed to be kept as low and short, respectively, as possible 
to reduce undesirable structural changes, which can affect the properties of the films. In this study, 
such CM condition were chosen because WMS and NMS can only form into homogeneous films at 
≥ 100 °C, while HAMS can only form into films at ≥ 130 °C with the pressure and time conditions 
used here. 
Molecular structure and granular morphology were analyzed by SEC and SEM, respectively, to 
investigate if there were any changes in these structures after CM. There were no differences in the 
SEC distributions of starch molecules before and after CM (Appendix2 Figure A2.1), indicating the 
compression conditions chosen have not induced further molecular degradation. SEM images of the 
non-fractured (NF) and cryo-fractured (Yokoyama, Renner-Nantz & Shoemaker) surfaces (the latter 
is the internal structure) of WMS and HAMS films are shown in Figure 4.1 to investigate the 
granular structure changes after CM. Before CM, HAMS extrudates displayed more roughness on 
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significant differences in the water absorption profiles between WMS and HAMS films when stored 
at 33, 54, and 75% RH.  
 
Figure 4.2. Moisture absorption curve of waxy (WMS, with filled symbols) and high-amylose 
maize starches (HAMS, with open symbols) films stored at different relative humidity (● for 33% 
RH, ■ for 54% RH, and ▲for 75% RH) 
 
Amylose retrogrades more rapidly than amylopectin, whereas the retrogradation of amylopectin 
only showed a limited change on the degree of crystallinity after long-term storage, as in the study 
by van Soest et al. (van Soest, Hulleman, de Wit & Vliegenthart, 1996a). In this study, a 
representative WMS, NMS and HAMS films (WMS-5, NMS-5 and HAMS-5), were aged for 
different days to investigate the crystalline structures changes with conditioning time. After CM, the 
WMS film was amorphous and the diffractogram did not show any visible change over 7 days’ 
storage (Figure 4.3A); however, HAMS (Figure 4.3C) retrograded rapidly within 1 day, showing a 
V+B-type crystallinity, but no obvious changes in the diffractogram were observed thereafter. The 
sharp diffraction peaks appearing at ~ 13 and 20° are related to V-type crystallinity (Hasjim & Jane, 
2009; van Soest, Hulleman, de Wit & Vliegenthart, 1996b), which arise from the rapid formation of 
an amylose-lipid complex. The B-type crystallinity revealed by peak at 17° might be a combination 
of the remnant of native and retrograded crystalline structures. For NMS, it was largely amorphous 
after CM (0 day storage) with a small amount of V-type crystalline structure (Figure 4.3B). A-type 
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crystallinity (at 16 and 17°) was more obvious after 1 day storage than just after CM, which might 
be from the remaining unmelted granules (Chapter 3). After 8 days’ storage, the diffractogram did 
not change significantly, with the degree of crystallinity being ~ 6%. Thus, the subsequent 
mechanical testing experiments were performed on starch films after being aged for 14 days to 
ensure structural equilibration.  
   
 
Figure 4.3. X-ray diffractograms of compression molded starch films after being stored for different 
times. Red arrows point at the peaks of V-type crystallinity. (A for waxy maize starch films, B for 
normal maize starch films, and C for high-amylose maize starch films) 
 
4.3.1.3 Effect of hydrothermal treatment on starch crystalline structure  
The HTT temperature of starch films fell in between Tg and the gelatinization temperature; thus 
this treatment is effectively annealing (Zavareze & Dias, 2011), which leads to increased 
crystallinity. The degree of crystallinity of WMS and HAMS films, observed from the XRD 
diffractograms, did not show increases after HTT (Appendix 2, Figure A2.2). This might be because 
the crystalline structure formed during HTT is from the leached long-chain amylose (which can 
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the starch to recrystallize after HTT. The diffraction peaks of the HTT starch films were sharper and 
more defined, indicating that the crystalline structure became more ordered. DSC results of NMS-2 
and -4 (Appendix 2, Table A2.1) showed increases in the melting temperatures of starch crystallites, 
confirming that the crystalline structure became more stable after HTT. 
Table 4.3. Mechanical properties, degree of crystallinity, and moisture content of normal maize 
starch films before and after hydrothermal treatment a 
Starch film b Degree of 
crystallinity 
% 
Moisture 
content c
% 
Tensile strength
MPa 
Young’s Modulus 
MPa 
Elongation at 
break 
% 
 
NMS-2 15.3 10.3 5.5 ± 0.3 A 332 ± 33 CD 8.9 ± 1.4 AB 
NMS-2 HTT 16.6 12.1 8.0 ± 1.1 A 784 ± 64 A 2.9 ± 1.2 B 
NMS-4 11.2 12.7 5.3 ± 0.5 Ad 217 ± 15 D 17.1 ± 2.1 A 
NMS-4 HTT 13.0 11.3 8.6 ± 1.9 A 651 ± 107 AB 10.1 ± 1.3 AB 
NMS-6 13.2 13.9 8.4 ± 0.4 A 613 ± 17 ABC 12.9 ± 4.8 AB 
NMS-6 HTT 24.2 11.0 10.2 ± 0.6 A 768 ± 48 A 7.8 ± 3.0 AB 
NMS-7 12.6 11.4 8.2 ± 0.8 A 388 ± 52 BCD 20.7 ± 1.7 A 
NMS-7 HTT 22.2 11.0 10.2± 0.8 A 761 ± 50 A 9.9 ± 2.1 AB 
a Numbers in the same column with different letters are significantly different at p < 0.05. 
b The extrusion processing conditions of the film prior to compression molding are listed in Table 
4.1 
c Moisture content of film after being conditioning at 54% RH for 14 days 
d Means ± standard deviations 
 
4.3.2. Tensile mechanical properties 
4.3.2.1 Effect of relative humidity and plasticizer content on starch film tensile properties 
The tensile properties of WMS and HAMS films stored at different RHs are shown in Table 4.4. 
Films stored at a lower RH were generally more rigid, displaying higher tensile strength, Young’s 
modulus, and lower elongation at break than those stored at a higher RH, consistent with those 
reported in other studies (Mali, Sakanaka, Yamashita & Grossmann, 2005; Mathew & Dufresne, 
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2002; Shogren & Jasberg, 1994). This is ascribed to the higher moisture content of film stored at 
higher RH (Figure 4.2); water molecules can function as plasticizer.  
Plasticizer content (glycerol and water in this case) has a similar effect on the tensile mechanical 
properties to that of RH (Table 4.5). For starches with the same amylose content, significant 
changes in the mechanical properties only occurred when the amount of plasticizer was different. 
Brittle starch films resulted from a lower plasticizer content displayed higher tensile strength, and 
Young’s modulus, but lower elongation at break, than films from a higher content of plasticizer 
(glycerol and water in this case).  
Table 4.4. Mechanical properties of waxy and high-amylose maize starch films after being stored at 
different relative humidities for 14 days. a 
Starch film b Relative 
humidity (%) Tensile strength (MPa) 
Young’s 
Modulus (MPa) 
Elongation at 
break (%)  
WMS-5 33 13.6 ± 2.8 BCc 1940 ± 171 A 0.9 ± 0.2 A 
WMS-5 54 15.8 ±2.8 BC 1454 ± 260 A 1.4 ± 0.2 A 
WMS-5 75 5.2 ± 1.1 C 197 ± 42 B 10.1 ± 3.0 A 
HAMS-5 33 34.8 ± 4.5 A 1944 ± 223 A 4.2 ± 1.0 A 
HAMS-5 54 24.5 ± 4.2 AB 1510 ± 142 A 2.5 ± 0.7 A 
HAMS-5 75 8.7 ± 1.2 BC 256 ± 70 B 23.1 ± 2.7 B 
a Numbers in the same column with different letters are significantly different at p < 0.05. 
b The extrusion processing conditions of the film prior to compression molding are listed in Table 
4.1 
c Means ± standard deviations 
 
4.3.2.2 Effect of amylose content on film tensile properties 
When the mechanical properties were compared among different types of starch films with the 
same plasticizer content (Appendix 2, Table A2.1), HAMS films exhibited higher tensile strength 
than WMS and NMS films, similar to results reported by others (Li et al., 2011; Lourdin, Della 
Valle & Colonna, 1995). At 30% plasticizer content, WMS film showed a higher tensile strength 
and Young’s modulus than NMS film. However, at 40% plasticizer content, the Young’s modulus 
and tensile strength of WMS films were not significantly different from those of NMS films. 
Furthermore, the WMS films had similar Young’s modulus to the HAMS films at both plasticizer 
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contents. At 40% plasticizer content, HAMS and NMS films had higher values of elongation at 
break than WMS films; however, at 30% plasticizer content, NMS films had higher values of 
elongation at break than WMS and HAMS films.  
In this study, the tensile strength of NMS films is lower than that of WMS films, which is similar 
to a previous study (Chaudhary, Torley, Halley, McCaffery & Chaudhary, 2009) that WMS films 
show comparable tensile strength to that of the high amylose starch films. As there are no defects 
found on the test specimens after the compression molding, this result might be due to the stiffness 
of the WMS films, which is more brittle than other films. 
4.3.2.3 Effect of hydrothermal treatment on starch film tensile properties 
As the crystallinity is not varied much among samples, we did an additional treatment 
(hydrothermal treatment) on the starch films to obtain a higher degree of crystallinity. The moisture 
content is not different among the HTT treated samples. The tensile mechanical properties, degree 
of crystallinity and moisture content for the NMS starch films after HTT are shown in Table 4.3. 
Starch films after HTT showed higher tensile strength and Young’s modulus. There were no 
statistically valid differences in the moisture contents, and thus the changes in the mechanical 
properties were probably largely related to the increase in the perfectness of the crystalline structure, 
which reduced the ability of starch chains to deform during the tensile tests.  
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Table 4.5. Mechanical properties of waxy, normal, and high-amylose maize starch films stored at 54% 
relative humidity for 14 days. a 
Starch film b Tensile strength Young’s Modulus Elongation at break  
(%)  (MPa) (MPa) 
WMS-1 18.3 ± 2.1 BCDE 1401 ± 113 A 1.5 ± 0.6 E 
WMS-2 14.8 ± 2.2 BCDE 1421 ± 49 A 1.6 ± 0.7 E 
WMS-3 9.4 ± 1.0 CDE c 515 ± 56 B 6.2 ± 0.7 DE 
WMS-4 8.3 ± 2.0 DE 365 ± 107 B 6.8 ± 2.0 DE 
WMS-5 15.8 ± 2.8 BCDE 1453 ± 171 A 1.4 ± 0.2 E 
WMS-6 19.1 ± 3.6 BCDE 1464 ± 261 A 1.7 ± 0.3 E 
WMS-7 11.2 ± 0.4 BCDE 540 ± 71 B 6.2 ± 1.9 DE 
WMS-8 10.2 ± 2.6 BCDE 542 ± 50 B 5.9 ± 3.9 DE 
NMS-2 5.5 ± 0.3 E 332 ± 33 B 8.9 ± 1.4 CDE 
NMS-4 5.3 ± 0.5 E 217 ± 15 B 17.1 ± 2.1 BCD 
NMS-6 8.4 ± 0.4 DE 613 ± 17 B 9.9 ± 1.0 BCDE 
NMS-7 8.2 ± 0.8 BCDE 388 ± 52 B 20.7 ± 1.7 AB 
HAMS-1 23.5 ± 3.6 ABC 1568 ± 85 A 2.2 ± 0.3 E 
HAMS-2 22.0 ± 5.0 ABCD 1528 ± 73 A 2.1 ± 0.3 E 
HAMS-3 11.6 ± 0.9 BCDE 645 ± 76 B 11.2 ± 2.2 BCDE 
HAMS-4 12.7 ± 1.6 BCDE 676 ± 52 B 15 ± 2.4 BCD 
HAMS-5 24.5 ± 4.2 AB 1510 ± 141 A 2.5 ± 0.7 E 
HAMS-6 35.0 ± 5.1 A 1898 ± 253 A 2.8 ± 0.6 E 
HAMS-7 12.7 ± 1.1 BCDE 543 ± 95 B 18.9 ± 4.1 ABC 
HAMS-8 14.5 ± 1.1 BCDE 623 ± 76 B 29 ± 4.0 A 
a Numbers in the same column with different letters are significantly different at p < 0.05. 
b The extrusion processing conditions of the film prior to compression molding are listed in Table 
4.1 
c Means ± standard deviations 
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4.3.3. Correlations between starch structure and tensile mechanical properties 
The influence of the structural features of starches on the tensile mechanical properties was 
explored separately for WMS and HAMS films at different plasticizer contents (Table 4.6) (as there 
were only two NMS films with the same plasticizer content, a correlation analysis was not 
performed on the NMS films). The only significant correlation observed was in HAMS films with 
30% plasticizer content, showing a negative correlation between –Rh and tensile strength.  
The correlations between amylose content and mechanical properties were also explored among 
the films with the same plasticizer content. For starch films at 40% plasticizer content, there was a 
negative correlation between elongation at break and –Rh as well as a positive correlation between 
elongation at break and amylose content. However, such correlations were not observed from the 
starch films with 30% plasticizer content.  
Finally, the crystallinity changes induced by HTT were correlated with the various mechanical 
properties. The increase in the degree of crystallinity of starch films induced by HTT was 
accompanied by an increase in Young’s modulus, although the crystallinity prior to HTT did not 
show any significant correlations with the tensile mechanical properties (Table 4.6). 
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Table 4.6. Correlations between starch structures and the tensile mechanical properties of starch 
films stored at 54% RH a 
 
a WMS, NMS, and HAMS represent for waxy maize starch, normal maize starch and high amylose 
starch. 
b Significant correlations (p<0.05) are represented by *, very significant correlations (p<0.01) are 
represented by **. The numbers in the table are the correlation coefficients. 
c ∆ crystallinity is the different values between the degree of crystallinity before and after HTT 
(values are shown in Table 4.3) 
 
Samples Tensile mechanical 
properties 
Amylose 
content 
–Rh 
Crystallinity 
WMS films with 40% 
plasticizer content 
Elongation at break NA -0.487 0.561 
Tensile strength NA 0.820 -0.845 
Young’s modulus NA 0.492 -0.556 
WMS films with 30% 
plasticizer content 
Elongation at break NA -0.886 -0.225 
Tensile strength NA 0.060 0.776 
Young’s modulus NA -0.467 0.320 
HAMS films with 40% 
plasticizer content 
Elongation at break NA -0.176 0.645 
Tensile strength NA 0.045 0.632 
Young’s modulus NA 0.876 0.232 
HAMS films with 30% 
plasticizer content 
Elongation at break NA -0.946 0.888 
Tensile strength NA -0.954* b 0.743 
Young’s modulus NA -0.895 0.458 
All the three types of 
films with 40% 
plasticizer content  
Elongation at break 0.749* -0.756* -0.456 
Tensile strength 0.517 -0.454 -0.483 
Young’s modulus 0.377 -0.314 -0.350 
All the three types of 
films with 30% 
plasticizer content 
Elongation at break 0.158 -0.090 -0.048 
Tensile strength 0.492 -0.526 -0.307 
Young’s modulus 0.140 -0.206 -0.121 
    ∆Crystallinityc
NMS films before and 
after HTT 
∆ Elongation at break   0.409 
∆ Tensile strength   0.978* 
∆ Young’s modulus   0.413 
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4.4  Discussion  
Plasticizer content, amylose content and the structural factors all affect the mechanical properties 
of TPS materials. As is shown in the results, starch with higher amylose content (HAMS) showed a 
higher tensile strength than NMS and WMS when processed with 30% plasticizer. In addition, an 
increase in the plasticizer content resulted in a decrease in the tensile strength and Young’s modulus 
and an increase in the elongation at break. Those results are similar to those reported the previous 
studies (Li et al., 2011; Mali, Sakanaka, Yamashita & Grossmann, 2005). As the main purpose of 
this study is to understand the roles of molecular and crystalline structures on the tensile mechanical 
properties of starch films, the correlations among the starch structural features and the mechanical 
properties are discussed in greater detail.   
For the three types of starches, WMS starches display the greatest variations in molecular size 
(Table 4.1) among its extrudates, as the main component (amylopectin) is severely degraded during 
extrusion (Li, Hasjim, Xie, Halley & Gilbert, 2014; Liu, Halley & Gilbert, 2010), and thus it is a 
good model to understand the relationship between the degraded molecular structure and the tensile 
mechanical properties. However, there were no significant correlations between –Rh and the tensile 
mechanical properties of WMS films (Table 4.6). Different from acid and enzyme hydrolysis, the 
mechanical shear only cleaved a small number of glycosidic bonds in amylopectin molecules, as 
explained previously (Chapter 3), and the molecules after degradation was still relative large with a 
vast number of short branches. During extrusion and storage, the shorter branches of amylopectin 
may form intramolecular interactions; however, the number of this kind of interactions may not be 
varied sufficiently to cause significant changes in the tensile mechanical properties of WMS film. 
On the other hand, a negative correlation between –Rh and tensile strength was observed with 
HAMS films at 30% plasticizer content (Table 4.6), probably due to the damage of starch granules 
along with the degradation of amylopectin, allowing more amylose to leach out and form a stronger 
network and to co-crystallize with the partially degraded amylopectin (with longer chain length than 
in WMS) more effectively. Similar correlations were not observed from HAMS film with 40% 
plasticizer content, which may be attributed to the lesser degree of damage to the starch granules 
(less shear energy) than in those with 30% plasticizer content (Li, Hasjim, Xie, Halley & Gilbert, 
2014).  
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Comparing all three types of starch films, an increase in amylose content increases the 
elongation at break, which is consistent with previous studies (Li et al., 2011; Lourdin, Della Valle 
& Colonna, 1995). The long branches of amylose (Liu, Halley & Gilbert, 2010; Vilaplana, Hasjim 
& Gilbert, 2012) are more flexible than the short branches of amylopectin, and the random coils of 
amylose branches can be easily stretched and probably form effective intermolecular entanglements 
to give higher elongation at break; however, the shorter branches of amylopectin molecules form a 
rigid (van Soest & Essers, 1997), inflexible network due to high molecular entanglements. The 
apparent correlation between –Rh and the elongation at break was probably because starch with a 
higher amylose content inherently has a smaller –Rh (Table 4.6).  
As discussed above, the effective inter-molecular network formed by the longer chains of 
amylose improves tensile mechanical properties of starch film (such as higher tensile strength, 
Young’s modulus), which is similar to the results from the studies of van Soest et al. (van Soest, 
Benes & De Wit, 1995; van Soest, Benes, de Wit & Vliegenthart, 1996), where an increase in starch 
molecular weight (longer branches with less acid hydrolysis) leads to a higher tearing energy. 
Larger molecules normally have more molecular entanglements and thus form a stronger network, 
which increases the energy required to tear the starch film during tensile testing. As acid degrades 
starch molecules to a higher extent than the degradation of starch molecules induced by extrusion, 
this phenomenon is not as apparent for the films made from starch extrudates in the present study.  
On the other hand, there were no significant correlations between starch structural parameters 
(molecular size and amylose content) and the mechanical properties from the different starches at 
30% plasticizer content. At this level of plasticizer, the molecules might be restrained in a more 
rigid network structure, preventing them from undergoing retrogradation after extrusion and being 
fully stretched during tensile test. The results suggest that plasticizer content is more dominant in 
governing the tensile mechanical properties of starch film than amylose content and molecular size. 
While the results of van Soest’s study (van Soest & Knooren, 1997) suggested that the water 
content affected the single helical crystallinity and elongation at break; this is not found here, which 
might be due to the only two levels of water/glycerol ratio used, and the water content will not be 
significantly different after storage. 
The degree of crystallinity of the starch films produced under different extrusion conditions did 
not show significant correlations with tensile mechanical properties (Table 4.6). In Chapter 3, it was 
noted that a proportion of crystallinity in extruded samples was related to the starch granule 
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remnants that are not completely gelatinized. The lack of a correlation between the starch 
crystallinity prior to HTT and tensile mechanical properties implies that either the differences in the 
degree of crystallinity were not large enough to induce changes in the tensile mechanical properties, 
or this crystalline structure was originated from the starch granule remnants and did not participate 
in the continuous network that influenced the tensile mechanical properties. This is different from 
the inferences from the study by van Soest et al. (van Soest, Hulleman, de Wit & Vliegenthart, 
1996a), which concluded that an increase in the degree of crystallinity (by aging starch films at 
room temperature) led to an increase in elastic modulus and tensile strength. This inconsistency 
brings the question of whether the crystallinity source, i.e. within granular starch and that of the 
continuous network, has an effect on the tensile mechanical properties. It should be noted that the 
ungelatinized starch granules may act as "filler or defects" in the continuous structure, which may 
promotes the formation of microcracks, causing decreases in elongation at break (Bartczak, Argon, 
Cohen & Weinberg, 1999); however,  this was not observed strongly in this study. 
The higher degree of crystallinity of NMS film after HTT was accompanied by significantly 
higher Young’s modulus (Table 4.3). HTT was applied in the present study to increase the 
crystallinity of the starch network surrounding the granular starch, allowing the investigation of the 
effect of this crystalline structure from retrograded starch on the tensile mechanical properties. It 
should be noted that only the crystalline structure was altered by HTT, whereas molecular size 
(Chung, Hoover & Liu, 2009) and plasticizer content (Table 4.3) were not changed. Thus the 
increased Young’s modulus might be due to the increased degree of crystallinity after HTT, and 
greater entanglements may be formed in the continuous network (melted molecules) of the starch 
films, which behaves like physical cross-linking, producing greater resistance to chain mobility. 
Although there was some retrogradation in the starch films aged at 54% RH for at least 14 days, the 
extent of rearranged crystallinity was less than in those after HTT, which was carried out at a 
high-temperature, excessive-moisture environment, providing greater chain mobility. This is 
confirmed by sharper crystalline peaks in the XRD diffractograms (Figure 4.4) and higher melting 
temperature (Appendix 2, Table A2.1).  
These results imply that the effects of crystallinity on starch mechanical properties are more 
complicated than reported previously, such as by van Soest et al. (van Soest, Hulleman, de Wit & 
Vliegenthart, 1996a). The crystalline structure originating from the starch granule remnants did not 
affect the starch mechanical properties, but that of the starch network surrounding the starch granule 
remnants controlled the starch mechanical properties. Thus, it is important to understand the nature 
of the crystalline structure in starch film when correlating with mechanical properties.  
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4.5  Conclusion 
The effects of starch molecular, crystalline and granular structure on the mechanical properties of 
starch films were examined. Degradation on the amylopectin molecules did not cause any 
significant changes in mechanical properties, although the molecular size (–Rh) range of the 
degraded waxy starch used here had a wide variation (38 – 58 nm). The shear degradation of 
amylopectin induced by extrusion might be too small to show any significant changes in the tensile 
mechanical properties. On the other hand, the longer branches of amylose molecules played a more 
dominant role than –Rh in determining tensile mechanical properties, as long amylose branches may 
form more inter- or intra-molecular flexible network, increasing elongation at break. However, the 
effects of long branches on the mechanical properties are limited when the plasticizer content is 
quite low. As distinct from a previous finding, which did not separate the sources of crystallinity in 
TPS to explain their roles in mechanical properties, the present study showed that the crystallization 
of leached-out amylose in the continuous phase played a more dominant role on the mechanical 
properties of TPS than the crystalline structure from the starch granule remnants, which is not 
involved in the continuous network. The presence of native starch granules may act as defect and 
negatively affect the mechanical properties (e.g. decrease in elongation). Thus in order to obtain 
starch materials with superior mechanical properties, it is essential to increase the crystallinity of 
the continuous phase and to use starches with longer branches, but lower gelatinization temperature 
to maximize the amount of leached-out amylose.  
 
102 
Chapter 5. Structural features controlling the biodegradability of starch films: Molecular or 
crystalline structure effects?  
5.1  Introduction 
Starch-based biodegradable plastics are economic, abundant and renewable. In addition, starch’s 
excellent biocompatibility allows for use in biomedical applications, such as tissue scaffolds 
(Gomes, Ribeiro, Malafaya, Reis & Cunha, 2001) or implants (Araujo, Cunha & Mota, 2004). 
Those starch-based materials are also chemically or physically modified (Cristina Freire, Fertig, 
Podczeck, Veiga & Sousa, 2009; Herman & Remon, 1989; Singh & Nath, 2013) to obtain better 
mechanical properties (Chaudhary, Miler, Torley, Sopade & Halley, 2008), drug load and delivery 
properties (Cristina Freire, Fertig, Podczeck, Veiga & Sousa, 2009; Herman & Remon, 1989). Their 
degradation behavior after-use or when in service is important either to obtain controlled-release or 
reduce the life-circle time; studies on the influence of specific structures on the film degradation can 
help to design starch materials with desirable degradation rates.  
The digestion kinetics of starch, starch/synthetic polymer (such as poly(vinyl alcohol), PLA or 
cellulose acetate) blends are subjects of great research interest, and have been reviewed and studied 
extensively (Danjaji, Nawang, Ishiaku, Ismail & Mohd Ishak, 2002; Russo, Truss & Halley, 2009; 
Singh, Dartois & Kaur, 2010; Yew, Mohd Yusof, Mohd Ishak & Ishiaku, 2005). In this study we 
focus on the degradation kinetics of a series of starch films using a novel first-order kinetic model 
(Butterworth, Warren, Grassby, Patel & Ellis, 2012) which has not previously been applied to the 
degradation of starch films, and which permits the identification of multiple kinetic processes 
during film degradation, allowing a greater mechanistic understanding of the behavior of these 
complex systems than has previously been possible. This model is applied to a series of starch films 
with tailored molecular, crystalline and granular structures to systematically study the factors 
affecting the biodegradation rates of TPS, as these structures control material functional properties 
such as mechanical properties (Li, Xie, Hasjim, Witt, Halley & Gilbert, 2015); we aim to determine 
whether it is lower-(chemical structure, molecular weight and molecular size distributions) or 
higher-order (crystallinity) structures that influence degradation kinetics of TPS films. 
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In-vitro enzymatic degradation by fungal α-amylase was used in this study to hydrolyze starch 
films with these different molecular, crystalline and granule structures in order to understand the 
effect of different structures on enzymatic degradation. While it is less directly relevant to final 
applications, enzymatic degradation is valuable to give insights into the possible degradation 
mechanisms (Gorrasi & Pantani, 2013) and may also be of use for ranking and screening 
biodegradability. Samples with a range of different levels of starch structure were 
compression-molded into thermoplastic starch films, which were then enzymatically degraded. 
Different techniques are applied in order to obtain starch materials with different structures, as the 
molecular, crystalline structure of the starch extrudates were not varied significantly after the 
extrusion. Starches with different molecular sizes were obtained by acid hydrolysis of normal maize 
starch in alcohol solution; starch with different granular size distributions were obtained by water 
sedimentation. Native normal maize starch films were further retrograded to obtain different 
degrees of crystallinity. Enzymatic degradation is more repeatable (Hamdi, Ponchel & Duchêne, 
1998) and time-efficient (Russo, Truss & Halley, 2009) compared to field or simulation test (Rudnik 
& Briassoulis, 2011; Sawada, 1994), as it is difficult to control the environmental factors such as 
temperature, pH, humidity and microbe populations (Müller, 2005) in the latter methods. Bacteria 
and fungi are commonly involved in plastic biodegradation. Here a commercial fungal α-amylase is 
used, which was reported to be the key group of enzymes (Azevedo, Gama & Reis, 2003) involved 
in starch film degradation. The enzymatic degradation of starch films was fitted using first-order 
kinetics (Butterworth, Warren, Grassby, Patel & Ellis, 2012) to obtain degradation rate coefficients. 
5.2  Materials and Methods 
5.2.1. Starch granules with different molecular sizes and its characterization 
5.2.1.1 Acid-alcohol treatment and destructuring of the crystalline structure 
Normal maize starch (amylose content of 28 %, as measured in a previous study (Vilaplana, 
Hasjim & Gilbert, 2012)), was acid-hydrolyzed following a similar procedure described by Tizzotti 
et al. (Tizzotti, Sweedman, Schäfer & Gilbert, 2013) with some modifications: 20 g of starch was 
suspended in 24.75 mL of alcohol to which 0.25 mL of HCl 37% solution was added. Starch was 
hydrolyzed under three conditions, a methanol/isopropanol mixture (v:v of 4:6) at 23 °C and 45 °C 
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as well as a pure isopropanol solution at 23 °C. The hydrolyzed starches were denoted M23MI, M45MI 
and M23I, respectively. The mixtures were stirred for 7 days, allowing the starch to reach a stable 
degree of hydrolysis (Robyt, Choe, Hahn & Fuchs, 1996). The reaction was stopped by adjusting 
the solution pH to 7.0 using 2.0 M NaOH and then washed with ethanol. Ethanol was removed by 
sedimentation for 5 min, then the hydrolyzed starch was dried in a vacuum oven at 45 °C for 24 h. 8 
g of the hydrolyzed starch was dissolved in 100 mL dimethyl sulfoxide (DMSO; GR for analysis 
ACS, Merck & Co, Inc., Kilsyth, VIC, Australia) at 80 °C for an hour to remove any effect of 
crystalline structure on the enzymatic degradation. Dissolving in DMSO has been shown to 
completely disrupt the crystalline structure (Mua, Rosowski & Jackson, 1997), leaving an 
essentially amorphous sample without further unwanted molecular degradation (Han & Lim, 2004). 
The dissolved starch was then precipitated using ethanol (v:v of 1:6) followed by centrifugation for 
5 min at 3000 g; this was repeated twice. The precipitated starch was dissolved in water at 60 °C, 
frozen using liquid nitrogen and lyophilized overnight using a BenchTop 2K freeze dryer (VirTis, 
Gardiner, NY, USA).  
5.2.1.2 Molecular size analysis 
The acid-hydrolyzed starches were dissolved in DMSO containing 0.5% wt LiBr (ReagentPlus, 
Sigma–Aldrich, Castle Hill, NSW, Australia) (DMSO/LiBr solution) with a concentration of 2 
mg/mL, and analyzed in duplicate using size-exclusion chromatography (SEC) (Agilent 1100 series, 
Agilent Technologies, Waldbronn, Germany) with a refractive index detector (RID-10A, Shimadzu, 
Kyoto, Japan) following the method of Cave et al. (Cave, Seabrook, Gidley & Gilbert, 2009; Li, 
Hasjim, Xie, Halley & Gilbert, 2014). The results were presented as the weight distributions of 
starch molecules as a function of hydrodynamic radius, denoted by w(logRh) (Cave, Seabrook, 
Gidley & Gilbert, 2009). The average hydrodynamic radius (–Rh) of whole starch molecules (Level 2) 
were calculated following the methods set out in detail elsewhere (Vilaplana & Gilbert, 2010b). 
5.2.2. Starch granules with different granule sizes and their characterization 
5.2.2.1 Starch sedimentation 
Sedimentation using the method of Dhital et al. (Dhital, Shrestha & Gidley, 2010b) was chosen 
to obtain starch fractions with different granule size distributions while other structural features 
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were not altered. A mixture of 10 g starch and 20 mL of deionized water was slowly poured into a 1 
L measuring cylinder containing ~1 L water. The contents were allowed to settle for 70, 30, and 15 
min, and the fraction of the starch suspension remaining above a certain depth was removed by 
pipetting. The starch granules in each fraction were pelleted by centrifugation (3000 g, 5 min) and 
dried in the oven (40 °C), which were denoted as GS70, GS30 and GS15. The sedimentation times t are 
obtained from Stokes’ law given by Eq. (5): 
t = 
18ηh
g(ρs-ρw)d2  [5] 
where η is the viscosity of water, h is the sedimentation height, g is the acceleration due to 
gravity, ρs is the density of starch (1500 kg m–3), ρw is the density of water and d is particle 
diameter. 
5.2.2.2 Granule size analysis 
The granular sizes of the three different fractions were measured using laser diffraction by a 
Mastersizer 2000 with Hydro MU (Malvern Instruments Ltd., Malvern, U.K.) following the method 
of Mahasukhonthachat et al. (Mahasukhonthachat, Sopade & Gidley, 2010). Approximately 250 mg 
of each of the different sedimented granule-size populations was dispersed in 5 mL of deionized 
water at least 30 min before the measurement to reduce granule aggregation. The obscuration 
measured by the instrument for all the measurements ranged from 10% to 15%. The particle size 
was measured in duplicate. The size of the different fractions is presented as surface-weighted mean 
[D(3, 2)] value, i.e. the diameter of a sphere that has the same volume: surface area ratio, assuming 
that the granules were homogenous spheres.  
5.2.3. Compression molding and storage conditions  
Starch with different structures (M45MI, M23I, M23MI, GS70, GS30 , GS15 and native starch) were 
compression-molded into starch films using a lab compression-molding machine at 135°C, with a 
pressure of 7.5 MPa for 5 min. Then the films were quench-cooled using a water cooling system to 
35 °C before removal. Glycerol and water with a ratio of 2:3 were used to obtain a plasticizer 
content of 30%. The temperature used is comparable to the conventional temperature used in the 
extrusion (Chapter 3) but lower than the melting temperature, where some granular structure may 
remain (this will be further checked by SEM). After releasing from the machine, starch films 
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(35×60×0.5 mm3) were immediately frozen with liquid nitrogen, and stored in a –80 °C Ultra-low 
Freezer (Sanyo Electric Co. Ltd) to minimize the effect of retrogradation, after which the film 
thickness was measured by microcaliper, with all starch films displaying a thickness of ~0.5 mm.  
After compression molding, starch films from native maize starch were sealed in plastic ziplock 
bags for 0, 8 and 14 days at room temperature to produce films denoted as C0D, C8D and C14D films, 
respectively. After the retrogradation step, the films were again stored in the –80 °C freezer to 
prevent further retrogradation. 
5.2.4. Characterization methods 
5.2.4.1 Scanning electron microscopy  
Starch films were manually fractured after being frozen in liquid nitrogen and the fragments of 
films were placed onto a specimen stub with double-sided tape, and then coated with a thin layer of 
iridium using a MED-020 sputter coater (Leica Microsystems Pty. Ltd., Australia). Starch films 
were cryo-fractured to prevent any artifacts caused by cutting the film directly and to obtain clean 
internal surfaces. The non-fractured (NF) and cryo-fractured (Yokoyama, Renner-Nantz & 
Shoemaker) film surface morphologies were examined using a scanning electron microscope (SEM, 
JEOL XL30, Tokyo, Japan) at an accelerating voltage of 6 kV and a spot size of 6 nm. 
5.2.4.2 X-ray diffractometry 
The crystalline structure of starch films retrograded for different times was analyzed using a D8 
Advance X-ray diffractometer (Bruker, Madison, WI, USA). The radiation parameters were set at 
40 kV and 30 mA. The diffractograms were recorded over an angular range (2θ) of 3–40°, with a 
step size of 0.02° and a step rate of 2 s per step. The degree of crystallinity was calculated from the 
diffractogram following the method of a previous paper (Li, Hasjim, Xie, Halley & Gilbert, 2014) 
using the PeakFit software (Version 4.12 Systat Software, Inc., San Jose, CA, USA):  
Crystallinity (%) = 

i=1
n
Aci
At  × 100%  [6] 
where Aci is the area under each crystalline peak with index i, and At is the total area (both 
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amorphous background and crystalline peaks) under the diffractogram. Each film was tested once; 
the standard deviation (Liu, Ramsden & Corke) of the XRD results is within 1–3 % as reported in a 
previous study (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008). 
5.2.4.3 Enzymatic degradation and data fitting 
In-vitro degradation studies were performed on a piece of starch film (approximately 20 mg (dry 
weight), with an area of 8 × 4 mm2, thickness ~0.5 mm, which was prepared from 5.2.3), which was 
cut from the film obtained in Section 5.2.3, which had been cut into a single 8 × 4 mm piece. These 
starch pieces were incubated in 3 mL of a sodium acetate buffer (100 mM, pH 5, containing 5 mM 
calcium chloride) containing 83 U/mL fungal α-amylase from Aspergillus niger (Megazyme, 
Wicklow, Ireland) in a 50 mL centrifuge tube in a 23 °C shaking water bath (SWB20; Ratek 
Instruments Pty. Ltd., Boronia, VIC 3155, Australia) for 24 h. Supernatant (0.07 mL) was taken out 
of the degradation solution at defined time intervals from 0 to 1440 min. The incubation was halted 
by the addition of 0.63 mL of 0.2 M sulfuric acid. This mixture was centrifuged at 4000 g for 1 min, 
and 0.1 mL of supernatant from the centrifuged solution was further hydrolyzed by adding 0.1 mL 
of a solution of 28 U/mL amyloglucosidase (Megazyme, Wicklow, Ireland). The glucose 
concentration in the supernatant was determined using a D-glucose glucose oxidase-peroxidase 
(GOPOD) assay kit (Megazyme, Wicklow, Ireland) with a UV-VIS spectrophotometer (UV-1700 
PharmaSpec, Shimadzu, Japan) to measure absorption at a wavelength of 510 nm. 
Degradation (digestibility) curves were fitted with a first-order equation (Goñi, Garcia-Alonso & 
Saura-Calixto, 1997), as follows:  
Ct=C∞(1-e-kt)  [7] 
Here Ct is the starch degraded (expressed as %db) at incubation time t (min), C∞ the 
corresponding amount of starch degraded at the end point of the reaction and k the first-order 
degradation rate coefficient; this can be calculated using a form of the equation as given by 
Butterworth et al. (Butterworth, Warren, Grassby, Patel & Ellis, 2012): 
ln (
dC
dt )= ln (C∞k)
 - kt   [8] 
k was obtained by plotting ln(dC/dt) against t and C∞ (Butterworth, Warren, Grassby, Patel & 
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Ellis, 2012). dC/dt was calculated as (Ci+2-Ci)/ (ti+2-ti), with the exception of the final two data 
points, whose derivatives were not calculated. 
Deviations from linearity in this plot may result from various causes, the simplest of which is the 
presence of more than one sequential rate process occurring during the reaction, resulting in two (or 
more) linear regions. It has been demonstrated (Edwards, Warren, Milligan, Butterworth & Ellis, 
2014) that the degradation of structurally complex starch substrates can be adequately described by 
the use of two sequential rate processes, the rate coefficients for which are here termed here k1 and 
k2. Deviations from a single straight line for plots described by Eq. (8) in the present study have 
been treated in this way. 
5.2.4.4 Cold-water solubility 
Starch films were cut into 4 × 8 mm pieces (thickness of 0.5 mm) and were immersed in 3 mL of 
100 mM sodium acetate buffer that had been adjusted to pH 5 using acetic acid, containing 5mM 
calcium chloride. This was then incubated in a 23 °C shaking water bath for 22 h to allow any 
soluble fractions to leach out. 0.1 mL of the supernatant was taken out from the solution at various 
time intervals (0, 10, 30, 60, 90, 120 and 300 min) and was degraded using 0.1 mL of 28 U/mL 
amyloglucosidase (Megazyme, Wicklow, Ireland). The glucose content was analyzed with the 
GOPOD reagent as described in section 5.2.4.3 to calculate how much soluble carbohydrate was 
dissolved. 
5.2.5. Statistical analysis 
Statistical analysis was performed using Minitab 16 (Minitab Inc., State College, PA, USA). 
ANOVA with Tukey’s pairwise comparison was used to find the statistical significance of 
differences between the solubility and degradation rates of the different starch films. 
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of M45MI and as such is an example of the films with no retrogradation), with two rate coefficients 
k1 and k2. Retrograded films (C8D and C14D films, Figure 5.5B) followed simple first-order kinetics 
with a single rate coefficient.  
The films without retrogradation (M45MI, M23I, M23MI, GS70, GS30, GS15 and C0D films) were 
quickly degraded in the first 90 min (Figure 5.5B, C and D), and the first rate coefficient k1 is 
calculated and given in Table 5.2. The second rate coefficient, k2, was much smaller with relatively 
large deviations due to the smaller enzymatic degradation rate. The values of k1 were significantly 
different among starch films with different molecular sizes: starch films with larger molecules 
(M23MI) were degraded more slowly. However, the values of k1 were not significantly different 
among the films made from different granule sizes. This differs from what was reported in a 
previous study (Dhital, Shrestha & Gidley, 2010b), that the rate coefficient had an inverse square 
relation with granule size for digestion of native starch granules. However, the difference between 
the morphology of the two systems is dramatic; the compression molding process used has 
disrupted the granular structure of the starch to a great enough extent that no difference could be 
detected between the different granular populations. This can be shown circumstantially in the 
whole granular population with the SEM results for the aged starch (Figure 5.3), which show no 
obvious granule boundaries or whole granules. There is the possibility that an effect of granule size 
on the degradation rate could be observed if less effective compression-molding processes were 
used or if granular populations were more or less resistant to processing to a greater extent, as has 
been shown in wheat (Salman, Blazek, Lopez-Rubio, Gilbert, Hanley & Copeland, 2009). The 
second rate coefficient k2 value was essentially the same for all of the starches showing two 
degradation regimes; in addition, this value of k2 was similar to the k1 values of the retrograded C8D 
and C14D films. These results are consistent with conclusions from studies in the literature showing 
that crystalline structure will slow down enzyme degradation (Lopez-Rubio, Flanagan, Shrestha, 
Gidley & Gilbert, 2008; Shrestha, Ng, Lopez-Rubio, Blazek, Gilbert & Gidley, 2010).  
The two regimes in appropriate LOS plots can be used to estimate different fractions (C∞) 
corresponding to the different degradation rates, C∞1 and C∞2, as shown in Table 5.2. Films with 
larger molecular sizes had a larger amount of substrate for the faster degradation stage; in addition, 
C∞1 values for starch films with smaller molecules (M45MI and M23I) were significantly smaller than 
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that of other films. The amounts of available substrates for the fast degradation stage in other films 
took a large amount of the total weight and were not significantly different from each other.  
 
Table 5.2. Degradation rate of different starch films 
Films k1 k2 
M1 0.0167 ± 0.0011 D 0.0009 ± 0.0004 Aa 
M2 0.0129 ± 0.0013 C 0.0024 ± 0.0006 A 
M3 0.0073 ± 0.0007 B 0.0019 ± 0.0009 A 
C1 0.0057 ± 0.0001 B 0.0029 ± 0.0007 A 
C2 0.0006 ± 0.0000 A NA 
C3 0.0007 ± 0.0000 A NA 
G1 0.0168 ± 0.0017 D 0.0022 ± 0.0006 A 
G2 0.0153 ± 0.0007 CD 0.0015 ± 0.0002 A 
G3 0.0134 ± 0.0010 CD 0.0023 ± 0.0006 A 
a Numbers in the same column with different letters are significantly different at p < 0.05. 
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5.3.2.4 Cold-water solubility of starch films  
The amount of substrate leaching from a starch film into solution is of interest, as it may cause 
differences in the enzymatic degradation rate. Cold-water solubility of all the film was tested, and 
solubility profiles are shown in Figure 5.6. The cold-water solubility of retrograded starch films 
were the lowest, with only 0.2 % soluble starch at the end of the study (24 h) for the films 
retrograded for 8 and 14 days. For starch films produced with different granule sizes, the water 
solubilities of GS70, GS30 and GS15 were 1.0, 0.44 and 0.50 %, respectively. There were no significant 
differences between the cold-water solubility of GS30 and GS15. Films produced from 
acid-hydrolyzed starches had the highest cold-water solubility, 2.3, 11.2, and 19.7 % soluble starch 
for M23MI, M23I, and M45MI, respectively. Starch films made from acid-hydrolyzed starches 
displayed a rapid entry of starch molecules into solution in the first 90 minutes, whereafter the 
dissolution rate slowed down and reached a plateau after 120 min.  
  
Figure 5.6. Solubility of starch films with
117 
 different st
 
ructure as a function of immerging time 
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5.4  Discussion  
The presence of two different kinetic regions during the degradation process indicates that there 
are at least two different degradation mechanisms, the first involving rapid degradation and the 
second involving slower degradation of more resistant portions of the film. These two rates are best 
explored separately to try to understand the underlying mechanics, before assessing what influence 
the interplay of the two has on film degradation.  
The k1 of the three films with different molecular sizes, M45MI, M23I, and M23MI, varied with 
molecular size, increasing as the molecules become smaller. This increase in degradation rate 
coefficient was matched by an increase in the extent of dissolution for the smaller molecular 
components, as observed previously (Hasjim, Li & Dhital, 2012). As the smaller molecules 
dissolved into solution there was an increase in available substrate for the enzyme and a subsequent 
increase in the degradation rate. However, the cold-water solubility of small starch molecules 
cannot be the only driver of increases in available substrate and subsequent degradation rates. The 
starch films produced with GS70, GS30 and GS15 sedimentation fractions were degraded more rapidly 
than those produced from M23I and M23MI, despite the films prepared from acid hydrolyzed starches 
demonstrating significantly higher (2 – 10 %) starch cold-water solubilities than the starch films 
prepared from fractionated starches (0.5-1% soluble starch). The high k1 for GS70, GS30 and GS15 
films must then be related to the surface of the starch film having a greater susceptibility to enzyme 
attack, as they are degraded rapidly despite leaching very little material into solution. The influence 
of the surface structure of solid starch systems, granules in the particular case considered, on the 
rate of degradation has been presented by Butterworth et al. (Butterworth, Warren & Ellis, 2011). It 
was noted that an increase in the amount of amorphous material at the surface of a granule was 
strongly correlated with the binding efficiency of the α-amylase, and therefore the degradation rate. 
In addition, the surface structure might be porous due to enzymatic degradation and plasticizer 
dissolution, which favors enzyme accessibility; could be verified in a future study. 
The slower degradation of the retrograded starch films was related strongly to the length of 
retrogradation time and this provides an explanation for the mechanism of the second degradation 
step. C0D displayed both k1 and k2 while C8D and C14D films display only one rate that was 
indistinguishable from the k2 of C0D. The difference in retrogradation time brings about a change 
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within the film structure, reducing the fraction of rapidly degraded starch through rearranging the 
amorphous structure into the B-type crystallites displayed in C8D and C14D films. The increase in the 
crystalline structure has reduced the availability of starch within the film for rapid digestion; thus 
the C8D and C14D films were digested at a single, slow digestion rate coefficient, while all of the 
other films tested had an initial faster rate coefficient.  
The reduced degradation rate coefficient (k2) in the films formed may be related to retrogradation 
during enzymatic degradation. As reported by Lopez-Rubio et al. (Lopez-Rubio, Flanagan, Shrestha, 
Gidley & Gilbert, 2008), a more ordered structure formed during the enzymatic digestion of the 
high amylose starch extrudate and a higher crystallinity was detected using XRD. Thus, for the 
granular starches the reduced rate may be due to both the absence of rapidly digestible starch 
species, as well as retrogradation caused by the enzymatic process. Like enzymatic digestion, acid 
hydrolysis can lead to a higher degree of retrogradation (Wang, Truong & Wang, 2003), as the 
increased mobility afforded to the starch chains due to acid hydrolysis allows them to retrograde 
more rapidly. For M23MI, which displays very few cold water soluble molecules (2.3%), the rate of 
k1 is reduced like that of the mildly retrograded C0D, this in contrast to M45MI and M23I which show 
an increased rate of degradation due to these small soluble molecules. The influence of the small 
molecules can be crudely observed with C∞1 (Table 5.2), as k1 for both M45MI and M23I accounting 
for a smaller portion of the total digestion than any other film, making this rate of degradation for 
both of these films complex due to the effect of small soluble molecules as well as retrogradation. 
Finally, the extent of digestion of the starches is in order of rate of retrogradation and the length of 
time that the films were stored at room temperature. That is, the more rapid to retrograde M45MI and 
M23I are digested to a less full extent than M23MI just as the C8D and C24D are digested less fully than 
C0D. 
The degradation of the films therefore occurs in two stages: (1) the degradation of easily 
accessible components, such as small molecules entering solution (as with M45MI, M23I, and M23MI), 
or the degradation of easily accessible components that are integral to the film (GS70, GS30, GS15and 
C2D) represented by k1; and (2) the degradation of the rest of the underlying resistant film structure, 
which occurred in all of the films with varying degrees, which is represented by k2. The interplay of 
the two mechanisms is most obvious in the differences of the degradation rate coefficients of the 
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films made with different molecular species: the solubilization and retrogradation occurred 
simultaneously in films with hydrolyzed molecules. The overlap of these two mechanisms during 
degradation may lead to the decrease in the k1 value. Thus the k1 values of M45MI, M23I and M23MI 
were significantly different among each other; M23MI displayed a smaller k1 than GS70, GS30 and GS15 
films, where the faster degradation took a dominant role in the degradation of GS70, GS30, and GS15 
films.  
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5.5  Conclusion 
Enzymatic degradation using fungal α-amylase on starch films with ranges of different molecular, 
crystalline and granular structures demonstrates strong effects of starch structure on the kinetics. 
The initial rapid degradation of easily accessible starch molecules was ascribed to two mechanisms: 
(1) the presence of small molecules that enter solution and are rapidly degraded and (2) the likely 
presence of highly disordered and accessible chains at the film surface that are more susceptible to 
degradation. However, the presence of smaller molecules which may retrograde more rapidly and 
the resistant structures formed during retrogradation, significantly reduce degradation rate. 
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Chapter 6. Conclusion 
Previous studies in the literature focus only on some of the processing-property, 
processing-structure, or structure-property relationships of thermoplastic starch (TPS). These do not 
provide a complete understanding of the TPS polymer system. A higher level of understanding can 
be achieved by involving all three aspects involved in producing TPS materials, i.e. the 
processing-structure-property relationships. In turn, this understanding can enable improved control 
over the design and production of TPS materials with advanced functional properties, such as 
mechanical properties and biodegradability. With this purpose, this dissertation discusses the 
multi-level structural changes of starch during extrusion and the inter-related roles of each structural 
level on the mechanical properties and biodegradability (Table 6.1). 
Starch structural changes at multiple levels caused by extrusion processing were characterized, 
and were correlated with specific mechanical energy and processing temperature to understand their 
effects on starch structures. Mechanical energy was found to be the main reason for the molecular 
degradation of amylopectin, the disruption of starch crystallites, and the fragmentation of starch 
granules. Interestingly, degradation of amylose molecules was not apparent under similar 
processing conditions to those of amylopectin. The thermal energy was found to have little effect on 
the crystalline structures, whereas increases in the mechanical energy were very effective in 
disrupting the crystallites. These results bring into question for the studies in the literature assuming 
the thermal gelatinization was the reason for the loss of crystalline or granular structures. Increasing 
the plasticizer content (from 30% to 40%, by total weight) significantly decreased the torque value, 
which facilitated the processing of starch, reducing the mechanical energy input into the system and 
causing less degradation on the molecular structure. Changes in extrusion temperature (from 105 to 
135 °C) facilitate the processing of starch while only causing negligible changes to starch structure.  
The mechanical properties of the materials obtained above were analyzed and correlated with the 
structural parameters to understand the effects of each structural level on the mechanical properties. 
The results suggest that retrograded crystalline structure was more influential in increasing the 
tensile strength and Young’s modulus of TPS than the total degree of crystallinity, because the latter 
was a combination of the residual ungelatinized granules and the recrystallization of the melted 
starch polymers. The retrograded crystalline structure increased the film strength by forming a 
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strong network in the continuous phase surrounding the partially gelatinized granules in the discrete 
phase. The molecular size of starch did not have an apparent effect on the mechanical properties, 
likely due to the amylose molecules (which contribute significantly to the network of retrograded 
starch in the continuous phase) being relatively undegraded after processing. Furthermore, the long, 
mainly linear, structure of amylose allows it to be stretched to a larger degree, increasing the 
elongation at break. In addition to the structural effects on the mechanical properties of TPS, higher 
plasticizer content and storage at a higher relative humidity resulted in a higher elongation at break, 
and a lower tensile strength and Young’s modulus. 
The enzymatic degradation rates of the starch films with different molecular, crystalline and 
granular structure were examined. The crystalline structure and resistant component significantly 
reduced enzymatic degradation, possibly due to the fact that the ordered and dense retrograded 
crystalline region hinders the diffusion of enzyme into the inner part of starch film. Small molecules 
or the easily accessible film surface with starch chains (still integral to the largely amorphous film 
structure) make the films more rapidly degraded. The degradation rates were not significantly 
correlated with starch granule sizes as the processing procedure used successfully removed the 
granular structures.  
To be able to balance desirable mechanical properties and enzymatic degradation rate, it is 
important to keep in mind of the roles of different structural features. For example, decreases in the 
size of amylopectin molecules does not affect the mechanical properties of TPS, but small highly 
soluble molecules and damaged granules are highly susceptible to enzymatic hydrolysis. While the 
crystalline structure may contribute to the stiffness of the materials, it also strongly reduces the 
enzymatic degradation rate. Granular structure is not particularly relevant to mechanical properties, 
nor is it relevant to enzymatic degradation when thorough processing conditions are used.  
There are also some recommendations for future research: 
Glass transition and crystalline structure effect on mechanical properties 
There is some varied discussion in the literature about the interactions between the glass 
transition with crystallinity (Mizuno, Mitsuiki & Motoki, 1998) and plasticizer content and type 
(Mathew & Dufresne, 2002). Higher plasticizer content will lower the glass transition temperature, 
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which may also increase retrogradation. On the other hand, higher crystallinity will decrease the 
tensile strength, through physical cross-linking, increase the Tg. It would be useful in the future to 
find a way to separate those factors and to obtain the relationship between Tg and the mechanical 
properties. 
Enzymatic degradation of starch materials with different granular structure  
The question of the role of granular structures in the biodegradation of TPS materials isn’t fully 
answered. In addition, the morphology change during the enzymatic degradation of starch materials 
with different structures will be useful to explain the mechanism of enzymatic degradation. Through 
this, it would be possible to observe whether there is a physical barrier for enzyme diffusion, and a 
subsequent influence on the enzymatic degradation rate due to granular structure when the granules 
are to some extent intact. Additionally, only normal maize starch was used in this study, in which 
the granular size distribution was quite narrow, and thus there were no significant effects observed. 
The granule size effect of TPS enzymatic degradation can be improved by investigating starch from 
different sources with wider granular size distributions, such as potato starch, or wheat starch 
(which has a bimodal distribution and is known to have different properties in its different granular 
populations).  
The role of starch-plasticizer inclusion complexes in enzymatic degradation 
It will be interesting to understand the complex interactions between the different components of 
the enzyme-plasticizer-polymer matrix during enzymatic degradation of TPS. Glycerol or other 
plasticizers can form an inclusion complex with amylose during processing, and this will affect the 
starch material’s enzymatic degradation. The formation of inclusion complexes has been used to 
decrease the digestibility of starch containing foods, and is a likely mechanism that would lead to 
the inhibition of enzymatic degradation of TPS materials. 
Correlation between biodegradation in the field and enzymatic degradation  
Enzymatic degradation is a rapid, easy, repeatable and accurate way to understand the structural 
effects of starch materials on the degradation rate; however, degradation in the natural environment 
is more complex, involving factors such as temperature, microorganism culture, humidity, etc. It is 
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important to check if this enzymatic degradation indeed correlates with the biodegradation in 
natural environments such as by burying the same TPS materials in soil or compost. The knowledge 
obtained would be valuable for developing a rapid predictable lab-based test for evaluating 
biodegradability. 
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Table 6.1. Starch structural changes during processing and its effect on the mechanical properties and enzymatic degradation 
Structural 
level 
Structural 
changes after 
extrusion 
Possible mechanism 
for the observation 
Relationship with 
the changes on other 
structural levels 
Effect on 
mechanical 
properties 
Possible reasons Effect on 
enzymatic 
degradability 
Possible 
reasons 
Granular 
structure 
(Level 5) 
 
Swelling and 
fragmentation 
of starch 
granules and 
loss of some 
granular 
structure.  
Thermal 
gelatinization during 
extrusion swells and 
disintegrates starch 
granules. Mechanical 
shear causes the 
fragmentation of 
starch granules. 
However, starch 
granules were not 
completely 
gelatinized under the 
processing conditions 
in the present study.  
Level 3: Thermal 
gelatinization and 
mechanical shear 
also decrease the 
starch crystallinity. 
Level 2: Whole 
amylopectin 
degradation may 
accompany granule 
fragmentation. 
No effects on the 
mechanical 
properties. 
The granular 
structure remains in 
the discontinuous 
phase together with 
the remaining 
crystallinity in the 
unmelted starch 
granules, which do 
not contribute to the 
material integrity, 
and to the 
mechanical 
properties. 
 
No effect on 
the enzymatic 
degradation. 
Normal maize 
starch has a 
narrower 
granular size 
distribution. 
The granules 
are greatly 
melted during 
the 
compression 
molding 
A greater 
amount of 
granules in 
high-amylose 
starch 
extrudates than 
High-amylose maize 
has the highest 
gelatinization 
temperature and 
hence has the least 
degree of 
Level 3: The 
decrease in the 
starch crystallinity 
for high-amylose 
starch is smaller 
than those of WMS 
Though more 
remnants can be 
observed in the 
CM films, it will 
not deteriorate the 
mechanical 
The continuous 
network from the 
entangled polymer 
chains are the main 
contributor of the 
mechanical 
N/A N/A 
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in normal and 
waxy maize 
starch 
extrudates. 
gelatinization among 
all starches under the 
processing conditions 
in the present study. 
and NMS after 
extrusion. 
properties as long 
as it forms into 
films.  
properties. 
Crystalline 
structure 
(Level 3) 
Decrease in 
starch 
crystallinity 
after extrusion. 
Thermal 
gelatinization or the 
melting of native 
starch crystalline 
structure commonly 
occurs when native 
starch granules are 
subjected to high 
temperature in the 
presence of 
moisture/plasticizer.  
Rigid crystallites are 
also more susceptible 
to the shear 
degradation than the 
flexible, amorphous 
molecules. 
Level 5: The total 
crystallinity in 
starch extrudates is 
mainly due to the 
presence of granules 
or granule fragments 
with some 
remaining 
crystallinity. 
Level 2: 
Amylopectin 
forming the rigid 
crystallites in native 
starch granules is 
more 
shear-degraded than 
amorphous amylose.
The residue 
crystalline 
structure does not 
affect the 
mechanical 
properties. 
An increased 
crystallinity from 
retrogradation will 
increase the tensile 
strength, Young’s 
modulus, but 
decrease the 
elongation at 
break. 
Retrograded 
crystalline structure 
is formed by the 
melted polymers, 
which has an 
ordered structure in 
the continuous 
phase, contributing 
to the increase in 
tensile strength and 
Young’s modulus. 
The 
crystalline 
structure 
strongly 
decreased the 
enzymatic 
degradation 
rate. 
Amorphous 
structure of 
gelatinized 
starch is more 
susceptible to 
the enzymatic 
degradation 
than the intact 
granules or the 
recrystallized 
structure. 
Retrograded 
films form a 
barrier that 
retards the 
enzyme 
diffusion. 
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Whole 
molecular 
structure 
(Level 2) 
Whole 
amylopectin 
molecules of 
all three 
starches were 
sheared into 
smaller 
molecules, 
whereas whole 
amylose 
molecules 
remain 
relatively 
unchanged. 
Amylopectin 
molecules were 
degraded to a 
maximum stable size, 
where no molecular 
degradation was 
observed for 
molecules equal or 
smaller than this size. 
Amylose has 
molecular size 
smaller than the 
maximum stable size 
and hence was not 
degraded. 
Not dependent on 
other structural 
levels. 
Amylopectin 
molecular size will 
not affect the 
mechanical 
properties. 
 
Amylopectin only 
has limited bonds 
broken and with a 
relative large 
number of short 
branches, mainly 
forming 
intramolecular 
interactions, which 
will not contribute 
to changes on the 
tensile mechanical 
properties. 
  
Amylopectin 
molecules form rigid 
crystallites in starch 
granules, which are 
more susceptible to 
shear degradation 
than the flexible, 
amorphous amylose 
molecules. The shear 
degradation of 
amylopectin 
molecules was more 
Levels 3: 
Mechanical shear 
also decreases the 
starch crystallinity. 
Level 5: The 
amylopectin 
molecules in the 
inner part of starch 
granules or granule 
fragments had less 
contact with 
The Rh of high 
amylose starch at a 
lower plasticizer 
content showed a 
negative 
correlation with 
the tensile 
strength. 
For high amylose 
starch processed at 
lower plasticizer 
content, 
co-crystallize may 
occur between 
amylose and 
partially degraded 
amylopectin (with 
longer chain length 
than in the one in 
waxy maize starch), 
Starch films 
composed by 
smaller 
molecules, 
has a higher 
degradation 
rate. 
The film with 
smaller 
molecules has 
a higher 
solubility, and 
the smaller 
molecular size 
may fit in the 
enzyme 
reactive site 
more easily. 
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pronounced at lower 
plasticizer content, 
because thermal 
gelatinization was 
limited and higher 
SME was needed to 
process starch. 
mechanical force or 
shear. 
which strengthen the 
materials more 
effectively. 
Individual 
branches of 
starch 
molecules 
(Level 1) 
No apparent 
changes after 
extrusion.  
 
The number of 
cleaved branches is 
much smaller than the 
number of total 
branches in 
(degraded) 
amylopectin, and the 
structural changes in 
this level cannot be 
detected using SEC. 
Not dependent on 
other structural 
levels. 
Starch with longer 
chain length has a 
larger elongation 
at break.  
Polymers with 
longer chains can be 
stretched longer. 
N/A N/A 
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Appendix 1: Shear degradation of molecular, crystalline, and granular structures of starch 
during extrusion 
Table A1.1. Die pressure and temperature under different processing conditions.a 
No. T P SS WMS NMS  HAMS 
 
(°C) (%) (rpm) 
Pressure 
(bar) 
Temperature
(°C) 
Pressure 
(bar) 
Temperature
(°C) 
 
Pressure 
(bar) 
Temperature
(°C) 
1 105 30 70 11.8 ± 3.4 80.1 ± 0.1 19.4 ± 1.7 80.5 ± 0.0  46.9 ± 3.4 80.5 ± 0.8
2 105 30 130 9.6 ± 0.7 82.1 ± 0.4 17.4 ± 3.7 81.1 ± 0.2  29.8 ± 4.9 81.5 ± 0.5
3 105 40 70 3.4 ± 0.3 80.7 ± 0.4 8.5 ± 2.1 80.7 ± 0.1  17.0 ± 3.0 80.2 ± 0.1
4 105 40 130 4.7 ± 0.7 80.0 ± 0.1 7.6 ± 1.7 83.4 ± 0.1  16.8± 0.6 81.0 ± 0.2
5 135 30 70 9.8 ± 2.3 82.3 ± 0.3 14.8 ± 3.1 83.8 ± 0.8  43.3 ± 0.8 83.0 ± 0.1
6 135 30 130 7.5 ± 1.1 82.1 ± 0.2 12.7 ± 1.0 83.5 ± 0.4  33.8 ± 1.6 81.9 ± 0.1
7 135 40 70 3.3 ± 0.3 81.0 ± 0.5 7.4 ± 0.7 83.8 ± 0.2  19.3 ± 1.7 80.3 ± 0.1
8 135 40 130 1.8 ± 0.4 81.0 ± 0.4 5.4 ± 0.4 83.4 ± 0.5  15.0 ± 0.9 82.1 ± 0.3
a T = processing temperature (the highest temperature to represent the temperature setting), P = 
plasticizer content (based on the total weight of starch mixture), numbers in the table are means ± 
standard deviation. 
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Starch gelatinization with limited plasticizer content  
Native waxy or high-amylose starch was premixed with 30 or 40% plasticizer (ratio of glycerol to 
water is 2:3) and sealed in a plastic bag overnight for equilibrating. A differential scanning 
calorimeter (DSC 1, Mettler-Toledo Inc., Columbus, US) was used to analyze starch gelatinization 
temperature. Melting point and enthalpy of indium were used for temperature and heat capacity 
calibration. Starch mixture (~5 mg) was placed in high pressure pan with gold seal. The slow heating 
rate of 5 ºC min-1 was used to minimize any temperature lag due to the large mass of the high pressure 
pan.  
Table A1.2. Starch gelatinization temperature with limited plasticizer contents.a 
 Plasticizer 
content  
(%) 
To 
(ºC) 
Tp  
(ºC) 
Tc  
(ºC) 
Waxy maize starch 30 149 ± 8 160 ± 6 172 ± 3 
Waxy maize starch 40 114 ± 1 135 ± 2 147 ± 5 
High-amylose maize starch 40 190 ± 4 203 ± 3 213 ± 4 
a To, onset temperature; Tp, peak temperature; Tc, endset temperature. Mean ± SD from at least three 
measurements.  
The highest processing temperature along the barrel was 135°C, which was lower than the starch 
gelatinization temperature at the plasticizer contents used in the present study (30-40%). The 
gelatinization temperature is higher at lower plasticizer content, which is consistent with those 
reported by others (Liu, Yu, Xie & Chen, 2006).  
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The effect of the cleavage of molecular branches during extrusion on the reduction of 
whole molecular size  
Taking waxy maize starch (~100% amylopectin) as an example, under the assumption that every 
successful cleavage of an α-(1⟶4) glycosidic bond, i.e. the cleavage of a linear branch in a 
molecule, results in two smaller molecules of equal size, the ratio of the molecular weight of a 
degraded amylopectin molecule in extrudate to that of an intact, undegraded amylopectin molecule 
in native starch can be used to estimate the number of cleaved glycosidic bonds:  
 
Mextrudate
Mnative  = 


 12  
n
  (9) 
Here n is the number of subsequent cleavages of glycosidic bonds in a molecule of molecular 
weight M. Ten subsequent cleavages of α-(1⟶4) glycosidic bonds in an amylopectin molecule in 
native starch will result in about a thousandth of its original molecular weight, which is a substantial 
reduction of the molecular weight. Hence the number of cleaved amylopectin branches is much 
smaller than the total number of branches in an amylopectin molecule (around 104), resulting in no 
apparent changes in the SEC weight distribution of debranched starch (Level 1 structure) after 
extrusion. As there is no unique relationship between the Vh and the molecular weight of branched 
molecules, and the molecular weight of degraded amylopectin is not determined in the present study, 
the estimation of the number of subsequent cleavages of glycosidic bonds was not performed. 
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DSC results on HAMS extrudates to understand the residual granules remained after 
extrusion  
Distinct from the DSC experiment carried out to obtain the melting temperature, high-amylose 
starch extrudates (after cryo-grinding) were premixed with 75% water (total weight), DSC 
(Mettler-Toledo Inc., Columbus, US) was used to analyze the residual starch gelatinization 
behaviour. The same calibration and test conditions were applied as explained before.  
Two endotherms can be observed (Table A1.3). The second endotherm is assigned as the thermal 
transition for residual granules, consistent with previous studies (Jane et al., 1999a; Liu, Yu, Xie & 
Chen, 2006). This transition was attributed to the melting of the amylose–lipid complex. The other 
thermal transition that occurred from 41 to 73 °C was attributed to the melting of B- type 
crystallites of retrograded amylopectin (Hasjim & Jane, 2009; Whittam, Noel & Ring, 1990). The 
enthalpy of the second peak is much lower than reported before (Jane et al., 1999a; Liu, Yu, Xie & 
Chen, 2006), suggesting some of the amylose-lipid complex has been melted during the extrusion. 
In addition, the enthalpy of first peak is much smaller than the second peak, which indicates the 
remaining crystalline structure is mainly from the residual starch granules.  
 
Figure A1.1. Crystallinity data from XRD measurement and Enthalpy for the residual granules 
Results from DSC and XRD on the residual granules or crystalline structure of WMS extrudates 
are shown in Figure A1.1. Those results show the same trend except for WMS-8, which might be 
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due to error during measurement, indication the crystallinity results from XRD can be quantify the 
residue granules.  
Table A1.3. Gelatinization temperature of high amylose maize starch extrudates (75% moisture 
content).a 
a The sample numbers are the same as shown in Table 3.1. 
 
Onset/ °C Peak/ °C Endset/ °C
Enthalpy/ 
J/g 
Onset/ °C Peak/ °C Endset/ °C 
Enthalpy/ 
J/g 
HAMS-2 50.5 ± 3.4 61.1 ± 1.8 71.9 ± 1.3 0.7 ± 0.2 101.7 ± 5.4 111.2 ± 1.5 116.2 ± 2.2 2.7 ± 0.1 
HAMS-4 48.9 ± 0.0 56.6 ± 0.4 66.5 ± 5.5 1.5 ± 0.1 100.2 ± 10.3 109.8 ± 1.9 118.4 ± 0.1 3.0 ± 0.2 
HAMS-7 45.6 ± 1.0 55.7 ± 0.0 71.2 ± 5.7 1.7 ± 0.0 96.0 ± 0.8 109.5 ± 1.9 119.0 ± 2.1 3.3 ± 0.2 
HAMS-8 48.2 ± 0.4 56.8 ± 0.6 65.6 ± 1.3 1.2 ± 0.1 99.8 ± 1.4 109.3 ± 0.9 117.7 ± 1.2 2.6 ± 0.2 
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Appendix 2: The dominant structural feature controlling mechanical properties of starch 
films: molecular or crystalline? 
  
Figure A2.1. SEC weight distributions of extrudates from waxy and high-amylose maize starches 
(WMS and HAMS, respectively) before and after compression molding (CM).  
 
 
Figure A2.2. X-ray diffractograms of compress molded waxy and high-amylose maize starch 
(WMS and HAMS, respectively) films before and after hydrothermal treatment (HTT).  
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Figure A2.3. Typical stress-strain curves of HAMS and WMS films with higher or lower 
plasticizer content  
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Method for DSC: 4-5 mg normal maize starch films with or without hydrothermal treatment (HTT) 
were premixed with water (starch:water ratio 3:7 wt/wt) and sealed in high pressure pans overnight. A 
differential scanning calorimetry (DSC 1, Mettler-Toledo Inc., Columbus, US) was used with melting 
point and enthalpies of indium for temperature and heat capacity calibration. A slow heating rate of 5 
ºC /min was used to minimize any temperature lag due to the large mass of the high-pressure pan.  
 
Table A2.1. Thermal properties of normal maize starch films with and without hydrothermal 
treatment. 
 Peak 1a Peak 2 
 To/ °Cb Tp/ °C c Tc/ °C d ∆H To/ °C Tp/ °C Tc/ °C ∆H 
NMS-6HTT 
70.4±0.1 
A 
77.6±0 
A 
84.4±0.1
A 
0.9±0 
A 
106.3±0 
A 
115.0±0 
A 
124.2±0 
A 
1.3±0 
AB 
NMS-6 
67.8±0.9 
A 
73.9±0 
AB 
81.5±2.9
A 
1.2±0.1
A 
105.6±2.9
A 
114.3±0.6 
A 
122.8±0.5
A 
1.6±0.8
B 
NMS-7HTT 
45.3±0.7 
A e 
63.4±4.8 
BC 
78.51±0.1
A 
0.9±0.1
A 
102.8±14.8
A 
112.8±2.3 
A 
133.1±3.3
A 
4.1±1.5
AB 
NMS-7 
45.7±1.5 
A 
62±2 
C 
83.2±3.2
A 
1.1±0.1
A 
97.7±4.3 
A 
112.7±1.4 
A 
130.5±5 
A 
6.2±1.6
A 
a The two thermal peaks with peak temperature around 70 and 110 °C represent for the native starch 
granules in the starch films and the amylose-lipid complex, respectively. 
b Onset temperature 
c Peak temperature 
d Endset temperature 
e Entries that do not share a letter are significantly different.  
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Table A2.2: Tukey’s pairwise comparison of mechanical properties of different starch films from 
Table 4.5.a 
% Tensile strength Young’s modulus  Elongation at break 
WMS-40 C BC BC 
WMS-30 B A C 
NMS-40 C C A 
NMS-30 C BC B 
HAMS-40 BC B B 
HAMS-30 A A BC 
a Entries that do not share a letter are significantly different. 
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